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Plant development differs fundamentally from that of many animals due to the 
intimacy with which organogenesis occurs in relation to the external environment. 
Roots are the primary organ in plants that directly make contact with the underground 
soil environment. Soil is a heterogeneous environment containing particles and 
aggregated structures of different sizes, with pockets of air and non-uniform 
distributions of water and nutrients. Little is known about how roots sense and 
interpret such micro-scale heterogeneity, partially due to lack of model experimental 
systems for studying such phenomena. In this study we noticed that standard tissue 
culture growth condition provides a spatially asymmetric environment for roots and 
can serve as an effective experimental system to understand the interaction between 
the root and its local environment. 
 
The branched root system of plants serves as a model for understanding pattern 
formation and is generated through the activity of a transcriptional network with 
oscillating activity at the root tip, which specifies lateral root pre-branch sites at 
regular temporal intervals (Moreno-Risueno et al., 2010). Previous work has shown 
that this process is not affected by different growth conditions. It has been proposed 
that the external regulation of lateral root development occurs after founder-cell 
specification. In this study, we reveal a previously uncharacterized dimension with 
which lateral root patterning occurs, the circumferential axis, and show that 
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differences in the environment across this axis create spatial cues that determine the 
position of lateral roots.  Using Arabidopsis as a model system, we show that the 
ability of roots to distinguish between a wet surface and air environment results in 
biases in root hair and lateral root initiation. We also observe similar phenomena in 
maize roots. Using tissue-specific methods to disrupt hormonal signaling, we show 
that perception of environmental differences likely occurs in the epidermis. The 
signal perceived in the outer tissue layers regulates the local induction of auxin 
biosynthesis and transport pathways to promote the development of lateral roots in 
the inner tissue layers towards the water-exposed surface.  
 
In addition to lateral root (LR) patterning, we also characterized the unique 
expression pattern of a reporter line, ProNCED2:erGFP. We show that the 
expression is only present in the lateral root cap region on the air side and can be 
inhibited by exposure to liquid water, indicating that the gene might be involved in 
sensing local environmental differences. We also investigated the transcriptome 
profile difference between cells of the entire lateral root cap (marked by another 
reporter, P83:erGFP) and air-exposed lateral root cap cells (marked by 
ProNCED2:erGFP).  
 
Our work shows that the environment plays a fundamental role in the patterning of 
root branching and that roots sense local environmental differences in the outer tissue 
layers. These data suggest that plant roots are far more adept at interpreting micro-
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1.1 Root system architecture development 
 
Unlike most animals, plants are immobile. They do not have the ability to relocate 
when the environment changes. However, plants can alter their growth direction and 
therefore grow into more favorable environments. Plants have developed ways to 
obtain water and nutrients, mainly through their roots. Besides absorption of water 
and inorganic nutrients from soil, plant roots also play important roles in anchoring 
the plant body to the ground as well as storing food and nutrients. Therefore, the 
development of the root system is important for plants‘ acclimation to environmental 
changes.  
 
Root system architecture (RSA) refers to the three-dimensional structure of the root 
system, including the primary root, branch roots (lateral roots and adventitious roots) 
and root hairs (Osmont et al., 2007). Root system architecture development is 
composed of primary root (PR) and lateral root (LR) development and growth as well 
as the root hair growth. The PR is derived from the embryo and its early 
developmental process is highly regulated by endogenous signals; environmental 
stimuli only affect the later growth rate and direction. In contrast, lateral roots are 
formed from the existing primary root or lateral roots. Therefore, the whole 
developmental process can be affected by exogenous stimuli as well as endogenous 
signaling, which can affect when and where lateral roots can be formed as well as the 




The Arabidopsis root has a simple elegant structure with radial symmetry, making it 
straightforward for observations of asymmetrical changes. The root meristem 
undergoes continuous cellular differentiation, which makes it possible to characterize 
the developmental process even after embryogenesis. In addition, its small size and 
rapid life cycle are advantageous for studying the developmental process shaping the 
whole root architecture.  
 
1.1.1 Arabidopsis primary root development 
 
In the dicotyledons, such as Arabidopsis, the PR originates from the basal cells of the 
heart-stage embryo. The root meristem is formed by cell division in the lower tier of 
the embryo proper and in the hypophysis and other root cells derived from within the 
embryo-proper (Benfey and Schiefelbein, 1994). Further cell division patterns the 
embryo and determines the radial organization, which comprises three fundamental 
tissues: the dermal, ground and vascular tissues. 
 
The mature Arabidopsis root has a simple structure. Longitudinally, the root tip 
consists of three zones: the meristemic zone, the elongation zone and the 
differentiation zone. In the meristemic zone, cells are continuously dividing and 
providing new cells, pressing older cells to shift into the elongation zone. Cells then 
stop dividing and undergo cell expansion and differentiation. Upon completion of 
differentiation, they mature in the differentiation zone. In the radial axis, the root tip 
can be divided into five main layers (Figure1), with the lateral root cap as the 
outermost layer, followed by the epidermis, cortex, endodermis and the stele, which 
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consists of the pericycle and vascular tissues. There are also some mitotically inactive 
cells that make up the quiescent centre (QC). There is a region of amyloplast-
containing cells at the root tip known as the columella root cap, important sensory 
cells for gravity-sensing (Scheres et al., 2002).  
 
Different cell types can be found in distinguishable layers and originate from stem 
cells as initial cells, surrounding the QC. Together with the QC, they form a stem cell 
niche. The QC is important for maintaining the stem cell identity of the surrounding 
initial cells. Laser ablation of single QC cells leads to loss of stem cell status of 
columella initial cells that directly contact the ablated cell (Berg et al., 1997), 
suggesting that short-range signals regulate differentiation. The QC identity is 
specified by two sets of genes. PLETHORA1 (PLT1) and PLETHORA2 (PLT2), 
which encode AP2 class putative transcription factors that are dependent on auxin 
response, are restricted to the QC and stem cells and have redundant roles in 
regulating QC. A double mutant of plt1/plt2 has reduced root growth resulting from 
fewer stem cell numbers (Aida et al., 2004; Blilou et al., 2005). SCARECROW (SCR) 
and SHORT-ROOT (SHR) encode members of the GRAS transcription factors family 
that are also required for the QC identity. SCR and SHR are responsible for the 
ground tissue (cortex and endodermis) identity along the radial axis. SHR is a 
transcription factor expressed in the stele and moves into the adjacent cell and 
controls SCR transcription. SCR can sequester SHR into the nucleus through protein-
protein interaction which is also dependent on a SHR/SCR-dependent positive 
feedback loop for SCR transcription. SHR is responsible for specification of the 
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endodermis (Du et al., 2001; Cui et al., 2007).  SHR and SCR are also required for 
distal specification of the QC (Sabatini et al., 2003). In scr and shr mutants, some QC 
markers are not expressed and the root meristem progressively losses the ability to 
reproduce new cells (Sabatini et al., 2003; Aida et al., 2004). A RETINOBLASTOMA-
RELATED (RBR) gene in Arabidopsis roots functions to maintain stem cell division 
and prevent cell differentiation and the RBR-mediated regulation of the stem cell state 


















Figure 1.  Longitudinal section of Arabidopsis root tip.  
The root has been color-coded to show different cell types. In the meristem region, 
the quiescent center (QC) is in the center and surrounded by the different initial cells. 
From outer to inner tissue, the radial root structure is composed of lateral root cap, 




1.1.2 Arabidopsis lateral root development 
 
The root system architecture is not only influenced by primary root (PR) growth 
direction but also depends on lateral root (LR) development. LR formation plays an 
important role in determining the whole root system architecture. Therefore, 
understanding the regulation of how LR development is important for developmental 
and agricultural purposes.  
 
In most eudicot species, LRs are derived from the PR. LR development is a well-
characterized biological process under tight internal regulation, which goes through 
pre-initiation, initiation, and post-initiation steps (Péret et al., 2009a, 2009b). The 
organogenesis of LRs starts from within the stele of the PR. The stele is the innermost 
tissue of the root, containing the pericyle, xylem and phloem. A pair of pericycle cells 
opposite to the xylem pole can undergo a cyclic auxin dependent pre-initiation event 
to become primed to become pericyle root founder cells (FCs) and gain stem cell 
identity to further proliferate. The FCs go through several rounds of anticlinal 
divisions to create a lateral root primordium (LRP), which further goes through 
anticlinal and periclinal division and eventually breaks through the primary root to 
become a mature lateral root (Figure 2).  
 
Auxin is found to positively regulate LR development during pre- and post-initiation 
events including emergence (Fukaki and Tasaka, 2009; Overvoorde et al., 2010; Péret 
et al., 2009b). A temporally oscillating transcriptional network that results in periodic 
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fluctuations in auxin response controls the patterning of FCs along the longitudinal 
axis of the PR (De Smet et al., 2007; Moreno-Risueno et al., 2010).  Moments of peak 
auxin response are maintained in fixed positions termed pre-branch sites (PBS), 
which can be visualized using the ProDR5:LUC reporter and mark presumptive 
FCs(Moreno-Risueno et al., 2010).  The periodicity of ProDR5:LUC oscillations is 
resilient to all tested changes in growth conditions suggesting that FC specification is 
environment-independent.  Moreno-Risueno et al. proposed that environmental 
regulation might act at later stages of development, such as during the initiation of 
anticlinal divisions within the FC (LR initiation) or the process of LR outgrowth from 
the PR. 
 
LR initiation can be also influenced by tropic responses such as gravitropic curvature 
and mechanical stimuli such as transient bending of the PR manually (Ditengou et al., 
2008). When a root is allowed to bend by inducing waving, rotating the plate to cause 
a gravitropic response or manual bending of the root, an LR often develops on the 
convex side. The curvature could initiate some positional cue, which acts on 
endogenous signaling pathways, changing the subcellular localization of auxin 
transporters and subsequently redirecting auxin flow to promote LR initiation.   
 
In addition to regulation by environmental stimuli, various plant hormones also play 
important roles in both LR and PR development. Auxin has been shown to positively 
regulate LR development from FC priming, to initiation and emergence (Moreno-
Risueno et al., 2010; De Smet et al., 2007; Swarup et al., 2008).  Absicic acid (ABA), 
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a plant stress response hormone, has been found to negatively regulate root 
development (De Smet et al., 2003; Saugy, 1987). Cytokinin, a hormone that 
promotes cytokinesis, plays an important role in new stem cell niche specification for 
primary root meristem development and LR development (Müller and Sheen, 2008; 
Werner et al., 2010).  Gibberellic acid and ethylene also have important roles in 
regulating root development (Achard et al., 2009; Ubeda-Tomás et al., 2008). 





















Figure 2. Lateral root (LR) developmental stages.  
The eight stages of LR development. LRs start from initiation (stage I), undergo pre-
emergence (stage II-VI) and finally emerges from the PR (stage VII and VIII). 




1.2 Endogenous hormone regulation of root development 
 
Plant hormones are usually simple chemicals that can regulate plant growth in 
relatively low concentrations. Hormones have important functions in determining the 
development of stems, flowers, and leaves, as well as in the development and 
ripening of fruits. They can also affect the growth direction of certain tissues, such as 
roots and shoots and determine the shape of the plant. Plants can produce and secrete 
hormones themselves and transport hormones to target sites to regulate growth.  
 
There are five major hormones in plants and all of them have important functions in 
regulating root growth and shaping the root system architecture. Hormones also play 
important roles in regulating plants responses to the environmental changes. Abscisic 
Acid (ABA), a well-known stress response hormone, can negatively regulate root 
growth. Auxin, which has a major role in coordinating many plant growth and 
behavioral processes, can promote cell elongation, root growth and lateral root 
initiation. Cytokinins can promote cell division and are negatively correlated with 
auxin. Gibberellic acid (GA) also stimulates cell division and elongation. Both of 
these are positive regulators in root development. Ethylene, which exists in gaseous 
form, is involved in wounding, drought and salt stress responses and is thought to be 




1.2.1 Abscisic acid 
 
Abscisic acid (ABA) is a plant hormone that functions in many plant stress response 
processes such as drought, salt and cold stress, maintenance of seed dormancy, seed 
development, growth regulation, stomatal closure, and pathogen defense (Hirayama 
and Shinozaki, 2010). Due to its important roles in plant developmental stress 
responses, ABA has been well studied for years. The pathways of biosynthesis and 
catabolism of ABA have been revealed. Studies have shown that ABA can negatively 
regulate both primary root and lateral root development under high salinity and 
drought conditions (Duan et al., 2013; Leung et al., 1997; Nakashima and 
Yamaguchi-Shinozaki, 2013).  
 
1.2.1.1 ABA biosynthesis 
 
ABA belongs to a class of metabolites known as isoprenoids, also called terpenoids. 
They derive from a common five-carbon (C5) precursor, isopentenyl diphosphate 
(IDP). The molecular basis of ABA metabolism was established by genetic 
approaches. The whole ABA biosynthesis pathway involves the following steps 
(Nambara and Marion-Poll, 2005). Firstly, zeaxanthin is converted to violaxanthin, 
catalysed by zeaxanthin epoxidase (ZEP) via the intermediate antheraxanthin. 
Secondly, neoxanthin is synthesized from violaxanthin, through a step which is not 
fully elucidated. Thirdly, Nine-cis-epoxycarotenoid dioxygenase (NCED) enzymes 
cleave the cis-isomers of violaxanthin and neoxanthin to a C15 product, xanthoxin, 
and a C25 metabolite. This step is believed to be the commitment step of ABA 
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biosynthesis. Finally, ABA, the biologically active form, is produced from cis-
xanthoxin by two enzymatic steps via the intermediate abscisic aldehyde. The 
conversion of xanthoxin to abscisic aldehyde is catalyzed by AtABA2, belonging to 
the SDR family in Arabidopsis(Nambara and Marion-Poll, 2005).  
 
The endogenous ABA level is modulated by the precise balance between biosynthesis 
and catabolism of this hormone. NCED has been proposed to be the regulatory 
enzyme, which catalyzes the commitment step of ABA biosynthesis. NCED 
expression is well correlated to endogenous ABA content and its over-expression 
confers a significant ABA accumulation. Nine carotenoid cleavage dioxygenase 
(CCD) genes have been identified in the Arabidopsis genome, of which AtNCED2 
and AtNCED3 account for the NCED activity in roots. These genes have localized 
expression in root tips, pericycle, and cortex cells at the base of lateral roots (Tan et 
al., 2003). 
 
1.2.1.2 ABA signaling pathway 
 
There are three major players in the ABA signaling pathway: the ABA receptors, type 
2C protein phosphatase (PP2Cs) and SNF1-related protein kinase 2 (SnRK2s) 
(Umezawa et al., 2010). The receptors are known as PYRABACTIN RESISTANCE 1 
(PYR1) / PYRABACTIN RESISTANCE-LIKE (PYL) family proteins (Ma et al., 2009; 
Park et al., 2009). REGULATORY COMPONENT OF ABA 1 (RCAR1) has also been 
identified to be involved in the perception of ABA(Ma et al., 2009). PYR/PYL is 
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soluble protein and can go through conformational changes upon ABA binding, 
which will sequester the negative regulator of ABA signaling, group C protein 
phosphatases (PP) 2Cs (PP2Cs). The inhibition of PP2C by the PYR/PYL/RCAR 
family of receptors can block the PP2C physiological phosphorylation of protein 
kinases in ABA signaling such as the SNF1-related protein kinases (SnRK2s) and 
calcium dependent protein kinases (CDPKs). The phosphorylation of SnRKs could 
promote their phosphorylation of downstream transcription factors and promotes 
ABA-induced gene expression. In the absence of ABA, PP2C can dephosphorylate 
SnRK2s, preventing them from phosphorylating downstream targets, leading to a 
blocking of ABA signaling (Umezawa et al., 2009). 
 
The ABSCISIC ACID INSENSITIVE 1 (ABI1) gene was identified from Arabidopsis 
as a mutation at locus Abscisic acid insensitive 1-1 (abi1-1), which leads to a 
significant decrease in ABA response. It had been proven that this soluble protein has 
a classical PP2C activity(Leung et al., 1997). Mutant abi1-1 is a dominant negative 
mutation, which can constitutively dephosphorylateSnRK2 and suppress ABA-
responsive gene expression. Mutant abi1-1 shows decreased ABA responsiveness in 
both seeds and vegetative tissues. In contrast, other mutants such as abi3, abi4, abi5 





1.2.1.3 ABA regulates root development 
 
ABA can regulate root development in many aspects. ABA is generally known as a 
growth inhibitor in root development and the inhibitory effects result from a 
combination of limited cell extensibility (Kutschera and Schopfer, 1986) and 
inhibited cell division (Liu et al., 1994). ABA can repress meristem activity without 
loss of meristem function and suppress stem cell differentiation in the PR (De Smet et 
al., 2006; Zhang et al., 2010). ABA has been demonstrated to repress lateral root 
development. ABA-deficient mutants aba2-1 and aba3-1 produce a larger root 
system than wild type plants(Deak and Malamy, 2005). Exogenously applied ABA in 
a plant's growth medium can also inhibit the development of lateral roots. This 
process occurs specifically at the LR developmental stage between the emergence of 
LRP from the PR and the activation of the LR meristem. The ABA-induced inhibition 
of LR development is mediated by an auxin-independent pathway (De Smet et al., 
2003). ABA signaling in the endodermal tissue is found to inhibit lateral root growth 
under saline environment through promoting the lateral root quiescence (Duan et al., 
2013). ABA can also inhibit root hair elongation: root hairs initiated after ABA 
treatment are short and swollen, while ABA-insensitive mutants abi1 and abi2, do not 
display this abnormal root hair response (Irigoyen and Emerich, 1992).  
 
In addition, ABA is found to be involved in promoting root hydrotropic response. 
Roots of ABA-deficient mutant aba1-1 and ABA-insensitive mutant abi2-1 show less 
sensitivity to hydrotropic stimulation. Application of exogenous ABA can rescue the 
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response to moisture gradients in the aba1-1 mutant, aba1-1, which demonstrates a 
positive function of ABA in hydrotropism (Takahashi et al., 2002). A no-hydrotropic 
response (nhr) mutant of Arabidopsis showed both abnormal root cap morphogenesis 
and reduced sensitivity to ABA (Eapen et al., 2003). Another Arabidopsis 
phospholipase Dζ2 mutant pldζ2 showed significantly retarded or disturbed root 
hydrotropic response, and the inhibitory effect of ABA on gravitropism in wild-type 
roots, was absent in pldζ2 mutant roots. In addition, both drought and the presence of 
exogenous ABA can induce the PLDζ2 expression in the root cap. These results 
indicate that ABA signaling in the root cap can promote root hydrotropism through 
the suppression of gravitropism (Taniguchi et al., 2010). 
 
Although ABA is generally regarded as a growth inhibitor, studies show that it can 
also promote root growth at low concentrations. Many ABA-deficient mutants show 
abnormal root growth phenotypes. sax1 (hypersensitive to abscisic acid and auxin) 
shows  a short curled primary root phenotype (Ephritikhine et al., 1999). The ABA-
deficient mutant aba2/gin1 exhibits severe growth reduction in roots under normal 
growth condition (Cheng et al., 2002); aba1 also demonstrates a reduced root length 
compared to wild type (Barrero et al., 2005). These data suggest a critical role for 
endogenous ABA in promoting root growth under non-stressed growth conditions. 
When low levels of ABA were exogenously applied to plants, a stimulatory effect on 
root growth was observed (Ephritikhine et al., 1999; Barrero et al., 2005; Vartanian et 
al., 1994). However, little is known regarding how ABA could have two distinct roles 





Auxin is the first plant hormone discovered and it is also a key regulator in 
coordinating plant growth, and organ development as well as in regulating plant 
reaction to environmental changes. Indole-3-acetic acid is the most abundant and 
basic auxin functioning in plants. Due to its important function, auxin has been well 
studied, and the biosynthesis, main signaling pathway as well as polar transporters 
have been characterized.  
 
1.2.2.1 Auxin biosynthesis 
 
There are two major auxin biosynthesis pathways: from tryptophan (Trp) using Trp-
dependent pathways and from an indolic Trp precursor via Trp-independent pathways 
(Woodward and Bartel, 2005).  Analysis of auxin over producting mutants has led to 
the identification of several Trp-dependent IAA biosynthesis pathways. One of the 
pathways uses indole-3-acetaldoxime (IAOx) as the precursor for IAA based on the 
auxin over-producting mutant phenotypes. It has been proposed that IAOx can be 
used to make indole-3-acetonitrile (IAN) and indole-3-acetaldehye, which can be 
further converted to IAA by nitrilases and aldehyde oxidases respectively (Zhao, 
2011). However, the exact biochemical mechanisms are still not clear. Another Trp-
dependent pathway is the YUC pathway. The YUC gene family contains 11 members 
that encodes N,N-dimethylanilline monooxygenase enzymes, which are thought to be 
the key auxin biosynthesis genes. Overexpression of YUC genes leads to auxin 
18 
 
overproduction while yuc mutants display developmental defects, which can be 
rescued by auxin (Kim et al., 2011). Additionally, there is the indole-3-pyruvic (IPA) 
pathway. IPA has long been thought to be an intermediate for IAA biosynthesis; only 
recent studies identified that an Arabidopsis aminotransferase can convert Trp to IPA 
(Stepanova et al., 2008; Tao et al., 2008). The key enzyme is identified as TAA1 
(Tryptophan Aminotransferase of Arabidopsis), and it has been demonstrated to 
convert IPA to IAA. TAA1 is a PLP-dependent enzyme and is well conserved in 
plants, indicating that the IPA pathway is highly conserved in the plant kingdom 
(Zhao, 2011). Recently studies also shows that TAA1/TARs and YUCs function in a 
common linear biosynthetic pathway: TAA1/TARs are required for the production of 
indole-3-pyruvic acid (IPyA) from Trp, whereas YUCs are likely to function 
downstream(Stepanova et al., 2011). These results suggest that the enzymes involved 
in IAA production via IPA are different than previously postulated.  
 
In addition to the Trp-dependent IAA biosynthesis pathways, plants can also 
synthesize IAA without using a Trp intermediate. Mutants defective in the Trp 
synthase enzyme can also accumulate IAA (Woodward and Bartel, 2005).  
 
1.2.2.2 Auxin signaling pathway and polar transportation 
 
Auxin regulation starts with auxin binding with its receptors. TRANSPORT 
INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX PROTEIN1-3 (TIR1/AFB1-3) 
has been shown to be one kind of auxin receptor that works in the nucleus 
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(Dharmasiri et al., 2005). TIR1 protein is an F-box protein with three different 
domains, which serves as a scaffold protein to bind to three different ligands. Besides 
direct binding to auxin, it also contains an F-box domain for binding a SCF
TIR1
 
ubiquitin ligase complex and a degron domain for binding Aux/IAA proteins. Upon 
binding with auxin, the receptor will increase binding affinity for Aux/IAA repressor 
proteins, which will interact with the SCF complex and undergo ubiquitination and 
subsequently be degraded by the proteasome. The degradation of Aux/IAA proteins 
can release the inhibition on ARF proteins, which are transcription factors and can 
activate or repress downstream auxin responsive genes (Delker et al., 2008). Recent 
studies have demonstrated that AUXIN BINDING PROTEIN1 (ABP1) is another kind 
of auxin receptor that is localized to the ER and apoplast and it can mediate quick 
auxin response in seconds (Xu et al., 2011; Robert et al., 2010). ABP1 can activate 
ROP GTPase signaling and directly regulate non-transcriptional responses in the 
cytoplasm such as actin and microtubule organization and PIN protein trafficking.  
 
The distribution of native auxin in the plant body can be mediated by mass flow in the 
vascular system for long distance transport. There is also another system for auxin 
translocation for both short and long distances—auxin polar transporters. There are 
three protein families associated with polar auxin transport in plants: auxin influx 
carrier AUX1-like protein family, auxin efflux carrier plant-specific PIN family and 
the ATP-binding cassette (ABC) transporter superfamily (Vanneste and Friml, 2009; 
Zazímalová et al., 2010). The PIN family proteins are integral membrane proteins and 
have eight members and can be divided into two sub-categories depending on the 
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length of a hydrophilic loop. The canonical ―long‖ PINs are mostly polar plasma 
membrane (PM) localized and direct auxin transport and determine the direction of 
the auxin flow (Xu et al., 2006; Vieten et al., 2007).  The PINs undergo constitutive 
cycling between the PM and endosomal compartments through clathrin-mediated 
endocytosis instead of residing on the PM statically (Dhonukshe et al., 2007). The 
polar localization of PINs direct local auxin gradients that are required for plant 
organogenesis, tropic response and other developmental processes (Benková et al., 
2003; Friml et al., 2002; Blilou et al., 2005). In addition to the long PINs, there are 
three short PINs (PIN5,6,8). Instead of PM localization, PIN5 is found to localized to 
the endoplasmic reticulum (ER) and is thought to regulate intracellular auxin 
distribution and cellular auxin homeostasis (Mravec et al., 2009).  
 
1.2.2.3 Auxin regulates root development 
 
Auxin has important roles in regulating PR, LR and root hair (RH) development. 
Auxin transport and distribution contribute to a variety of root developmental 
processes. Active auxin transport is crucial to maintain optimal auxin concentrations 
for root growth and development and to cause the gradient across tissues to regulate 
growth in response to environmental stimuli such as gravity. Auxin oscillation is 
crucial to determine LR spacing and subsequent LR development also depends on the 
auxin signaling pathway. Auxin is also involved in the RH initiation process, and RH 
elongation is also dependent on auxin signaling (Pitts et al., 1998).  
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Auxin plays critical roles in determining primary root meristem patterning, 
organogenesis, vascular tissue differentiation and gravitropic response. pin1 and pin2 
single mutants display a reduction in the primary root length and root meristem size. 
Double mutant combinations of PIN genes display stronger defects in cell division, 
reduced root length and meristem size. Smaller cell size is also observed in several 
pin mutants, suggesting a role for PIN genes in regulating cell expansion during root 
growth. In addition, PIN genes can also regulate PLT expression and determine root 
identity during the embryogenesis (Blilou et al., 2005).  Auxin is also involved in root 
gravitropic response. AUX1 is found to regulate root gravitropism by facilitating 
auxin uptake in root apical tissues (Marchant et al., 1999), and PIN2 localization and 
degradation at the upper and lower sides of the root following gravity stimulation can 
result in asymmetric distribution of PIN2 as well as auxin, which together lead to 
differential cell elongation and gravitropic bending in the roots (Abas et al., 2006).  
 
Auxin also determines LR development and positively regulates the process during 
pre- and post-initiation events including emergence (Fukaki and Tasaka, 2009; 
Overvoorde et al., 2010; Péret et al., 2009b). A temporally oscillating transcriptional 
network that results in periodic fluctuations in auxin response controls the patterning 
of FCs along the longitudinal axis of the PR(De Smet et al., 2007; Moreno-Risueno et 
al., 2010). Further auxin signaling is required to activate the FC asymmetric division, 
since the tir1/afb2/afb3 mutant demonstrates a dramatic reduction of LR initiation 
(Pérez Torres et al., 2008). Auxin-mediated induction of cell cycle progress in the 
xylem pole could specifically trigger the LR initiation process (Benková and Bielach, 
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2010). Auxin can also facilitate LR emergence by promoting cell separation in 
cortical and epidermal cells directly overlaying new LRP (Swarup et al., 2008).  
 
In addition, auxin controls root hair initiation and continued outgrowth. Root hairs are 
long, thin extensions of epidermal cells that play an important role in efficient water 
and nutrient uptake for plants. Root hair initiation and elongation is blocked in axr3 
mutant; in contrast, the shy2 mutant displays early initiation of root hair development 
and prolonged hair elongation, suggesting an important role of auxin in root hair 
development (Knox et al., 2003). However, high levels of AUX1 are detected in non-
hair cell files although no auxin response occurs in those cells, suggesting auxin 
transport through non-hair cells provides auxin supply to developing hair cells and 




Cytokinins (CK) are known to promote cell division in both roots and shoots. They 
are primarily involved in cell growth and differentiation. There are two major types of 
CKs: adenine-type cytokinins and phenylurea-type cytokinins. Most of the adenine-
type CKs are synthesized in roots. Adenosine phosphate-isopentenyltransferase (IPT) 
is the enzyme that catalyzes the first reaction in the biosynthesis of isoprene CKs. It 
utilizes ATP, ADP, or AMP as substrates and dimethylallyl diphosphate (DMAPP) or 
hydroxymethylbutenyl diphosphate (HMBDP) as prenyl donors. This reaction is 
thought to be the rate-limiting step in cytokinin biosynthesis(Hwang and Sakakibara, 
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2006).  Cytokinin signaling pathway is mediated by a two-component signaling 
system: the histidine kinases cytokinin receptors and response regulators. The CK 
receptors are localized on the endoplasmic reticulum (ER) as well as the plasma 
membrane. Upon binding to CK, the receptor will go through a conformational 
change that trigger a phosphorelay of a histidine kinase (HK) protein, and then the 
phosophoryl group is transferred to a conserved histidine on a histidine 
phospotransferase (HP) protein. The HP then translocates to the nucleus and 
phosphorylates the response regulators, which will then initiate transcription of CK 
responsive genes (El-Showk et al., 2013).  CK can interact with other hormones and 
affect many aspects of root development. For example, CK can interact with auxin to 
specify the root stem-cell niche during early embryogenesis (Müller and Sheen, 2008). 
CK can regulate PR growth by modulating root meristem activity, which is dependent 
on regulating asymmetric auxin distribution through auxin transporters (Ruzicka et al., 
2009). CK also regulate cell proliferation and differentiation during vascular 
development (Mähönen et al., 2006).  In addition, CK can regulate LR development. 
Exogenous CK application inhibits LR formation through inhibiting pericylce FC 
division (Laplaze et al., 2007). Endogenous elevation of CK levels can also lead to a 
significant decrease in LR numbers (Kuderova et al., 2008).  
 
1.2.4 Gibberellic acid 
 
Gibberellic acids (GA) are plant hormones that are involved in regulating various 
developmental processes, such as seeds germination, breaking dormancy, root 
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meristem size and flowering time. GA are tetracyclic diterpene acids that are divided 
into two classes: 19-carbon gibberellins and 20-carbon gibberellins. GA biosynthesis 
in higher plants can be divided into three stages: ent-kaurene biosynthesis in 
proplastids, conversion of ent-kaurene to GA12 by microsomal cytochrome P450 
monoxygenases and formation of C20 and C19 GAs in the cytoplasm (Olszewski et 
al., 2002).  Most of the enzymes involved in the GA biosynthesis pathway have been 
identified through the discovery of corresponding mutants. Studies have shown that 
GA biosynthesis can be induced by exposure to long light and low temperature and 
can also be regulated by its own feedback mechanisms (Hedden and Kamiya, 1997). 
The GA signaling pathway has been well studied: GA binds to a soluble 
GIBBERELLIC ACID INSENSITIVE DWARF1(GID1) receptor, which can interact 
with the DELLA repressor proteins in a GA-dependent manner and the interaction 
between DELLA and GID1 will trigger the degradation of DELLA through the E3 
ubiquitin ligase SCF
GID2/SLY1
(Schwechheimer, 2008). DELLA repressors are the key 
regulators in the GA signaling pathway. The presence or the degradation of DELLAs 
is correlated with the repression or derepression of GA-dependent growth response 
(Schwechheimer and Willige, 2009).  GA biosynthesis inhibitor unicomazole P can 
inhibit root growth in Lemna minor, suggesting a positive role of GA in regulating 
root growth (Inada et al., 2000).  The gain-of-function mutant gai-1 prevents the 
protein from degradation and disrupts cell proliferation in root meristem and tissue 
specific expression of gai in endodermal cells can block root meristem enlargement, 
suggesting an important role of GA in promoting root meristem size and cell 
elongation in PR (Achard et al., 2009; Ubeda-Tomás et al., 2009). GA has been found 
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to negatively regulate LR formation by inhibiting LRP initiation through interaction 




Ethylene is a gaseous plant hormone, which affects many developmental processes, 
such as seed germination, flower opening, leaf shedding and fruits ripening. Ethylene 
can be produced in all parts of higher plants, including leaves, stems, roots, flowers, 
fruits tubers as well as seedlings. Ethylene is synthesized the conversion of 
methionine to S-adenosyl-L-methionine (SAM) by Met adenosyltransferase, which is 
then converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase 
(ASC). Finally in the presence of air, ACC is rapidly converted to ethylene by ACC-
oxidase (ACO) (Yang and Hoffman, 1984). ACS determines the rate of ethylene 
production and regulation of ACS protein stability through protein degradation is key 
to ethylene biosynthesis (Lyzenga and Stone, 2012). In plants, ethylene is perceived 
by its receptors located in the ER membrane. Upon binding with ethylene, the 
receptor undergoes conformational changes and inactivates itself and the Raf-like 
kinase CTR1, which cause derepression of a positive regulatory factor, EIN2. EIN2 
then transmits the signal to the transcription factors EIN3/EILs and stabilized 
EIN3/EIL protein will subsequently activate downstream ethylene response target 
genes (Alonso and Stepanova, 2004).  Ethylene is important to regulate root hair 
development: the ein2-1 mutant shows a normal percentage of root hair-bearing cells 
but extremely short root hairs, suggesting a positive role for ethylene in regulating 
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root hair elongation (Rahman et al., 2002). Exogenous application of ACC can also 
promote root hair development while reducing primary root length by inhibiting cell 
elongation (Le et al., 2001). In addition, ethylene can also inhibit lateral root 
development, and auxin polar transport mutants aux1, lax3, pin3 and pin7 are less 
sensitive to the inhibition of lateral root formation under ACC treatment, suggesting 
that ACC can affect lateral root development by altering auxin distribution and 
preventing the localized accumulation of auxin needed to drive lateral root formation 
(Lewis et al., 2011).  
 
1.3 Environmental stimuli regulation of the root development 
 
Unlike most animals, plants are immobile. Plants do not have the ability to relocate 
when the environment changes dramatically. However, plants can alter their growth 
direction towards a more favorable environment. Plants have developed ways to 
obtain water and nutrients, mainly through their roots. Besides absorption of water 
and inorganic nutrients from soil, plant roots also play important roles in anchoring 
the plant body to the ground.  
 
During plant development, root growth is directed by various environmental signals, 
such as gravity, light, water (moisture gradients), touch (mechanical stimuli), 
temperature, and nutrients. The directional growth of plant organs relative to the 
direction of environmental stimuli is called a tropic response. Water plays important 
roles in plants, being a medium for nutrient transportation, a substrate for 
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photosynthesis, respiration, and maintaining turgidity in various plant parts. 
Hydrotropism, which can be simply explained as the tendency of plants to grow 
towards water, is thus, extremely essential to most plants. Another commonly 
observed tropic response is gravitropism, in which plant growth is relative to the 
direction of gravity. However, the causes of many of these tropism mechanisms are 
still elusive. Nutrients such as nitrate, phosphate, sulfate and iron are also important 
for plant growth and survival and they can also be perceived as signals in the roots in 




Water is essential for plants to survive. The root is the primary organ of plant that 
obtains and transports water from soil. Roots development is also largely dependent 
on water availability in soil. Root growth direction in relation to a gradient in 
moisture is called hydrotropism and has been shown to be common among higher 
plant species. It is proposed that moisture is sensed by the root cap, which transmits a 
signal to the elongation zone where differential growth occurs according to the 
moisture gradient and enables the root to bend towards environments with higher 
moisture. This mechanism plays an important role for plants to survive in water-
limited areas. In most plant species, hydrotropism interferes with gravitropism, 
making it difficult to study. Due to the difficulty in disassociating the ubiquitous 
effects of gravity from hydrotropism as well as creating and maintaining the moisture 
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gradient threshold, little is known regarding the molecular mechanisms of how the 
plant root senses and responds to moisture. 
 
Several studies proved that the root cap is the primary site for perception of moisture 
gradients for hydrotropism. Firstly, decapped roots of corn failed to curve 
hydrotropically, suggesting the root cap is a major site of sensing moisture. Secondly, 
the ageotropum pea root without the tip lost both gravitropism and hydrotropism 
response. Thirdly, roots of ageotropum pea curved hydrotropically in response to a 
water potential gradient at the root cap. In contrast, the establishment of a water 
potential gradient in the elongation zone of the roots using a similar approach failed 
to induce hydrotropic curvature(Takahashi et al, 1995). Similarly, by covering the 
root tip with lanolin, the perception of moisture is blocked at the root tip and the roots 
can no longer respond hydrotropically in the presence of moisture gradient applied to 
the root above the apical tip. However, when lanolin is applied to the elongation and 
maturation zones of the roots, the hydrotropic response could not be affected, which 
suggests that hydrotropism in roots occurs through water potential sensing by the root 
cap (Takahashi et al, 1997). In addition, when ablating the root cap cells in 
Arabidopsis roots by a laser microbeam, the hydrotropic response is severely reduced 
while ablation of other tissues do not affect root hydrotropic response (Takahashi et 
al., 2009). These results imply that the root cap is the moisture gradient sensing site in 
the root. However, the exact mechanisms of how roots sense moisture and induce 




Based on the experimental systems for the study of hydrotropism in Arabidopsis roots 
established previously, researchers searched for hydrotropic mutants that could be 
used as tools for dissecting the mechanism of root hydrotropism. Hydrotropic mutants 
may be expected to exhibit reduced or enhanced hydrotropism, or total loss of the 
hydrotropic response. These mutations could be accompanied by alteration of other 
tropic responses (such as the gravitropic response) as well. The mutant mizu-kussei1 
(miz1), which does not respond to moisture gradients but exhibits normal 
gravitropism and growth is thought to be the first true hydrotropic mutant isolated 
(Kobayashi et al., 2007). The miz1 mutant is caused by a single recessive mutation in 
MIZ1, which encodes a novel protein containing a domain (MIZ domain) highly 
conserved among terrestrial plants. It is proposed that the MIZ domain plays a role in 
adaption of aquatic plants to land. Interestingly, MIZ1 is expressed extensively in 
columella cells, which is thought to be the sensing site of gravity and moisture 
gradients, suggesting that MIZ1 might be involved in classifying environmental 
signals such as moisture and gravity at the early phase of the hydrotropic 
response(Takahashi et al., 2009). It is the first gene to be identified as essential for 
hydrotropism and indicates the existence of a molecular pathway for hydrotropism 
independent of gravitropism. 
 
Another semi-dominant mutant of Arabidopsis no hydrotropic response1 (nhr1) has 
been isolated using a screening system for the hydrotropic response by introducing 
different water potential gradients to the root tips. Roots with a normal hydrotropic 
response will bend away from media with lower water potential, while nhr1 roots 
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continue to grow into this media. Besides the defects in hydrotropic response, nhr1 
roots also exhibited a faster gravitropic response as well as a higher frequency of root 
waving. Additionally, the nhr1 seedlings have abnormal root cap morphogenesis and 
reduced root growth sensitivity to abscisic acid (ABA). These results suggest that an 
ABA signaling pathway participates in sensing water potential gradients through the 
root cap (Eapen et al., 2003). 
 
In addition, various Arabidopsis mutants show different hydrotropic response by 
using a water potential system. Roots of aba1-1 (abscisic acid biosynthesis mutant) 
and abi2-1 (ABA signaling pathway mutant) mutants showed less sensitivity to 
hydrotropic stimulation. The defect in the hydrotropic response can be restored by 
additional application of ABA in aba1-1 roots. axr1-3 and axr2-1, (auxin signaling 
pathway mutants) which exhibit a reduced response to gravity and auxin, show a 
greater hydrotropic response than that of the wild type. Wavy mutants, wav2-1 and 
wav3-1, show increased sensitivity to the induction of hydrotropism by the moisture 
gradient (Takahashi et al., 2002). Roots of a starchless mutant, pgm1-1, also shows an 
enhanced hydrotropic response than the wild type. The amyloplastsin columella cells 
are thought to perceive gravity in the roots. Moisture gradient as well as water stress 
could also cause immediate degradation of amyloplasts, which enable the root to 
overcome gravity and exhibit hydrotropism (Takahashi et al., 2003).  
 
Another study shows that the pldζ2 mutation exhibits significantly retarded or 
disturbed root hydrotropic responses. The Arabidopsis phospholipase Dζ2 gene 
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(PLDζ2) is localized to epidermal cells in the distal root elongation zone and lateral 
root cap cells adjacent to them and the expression of PLDζ2 gene could be induced 
under both drought and exogenous ABA application. The inhibitory effect of ABA on 
gravitropism, which is significant in wild-type roots, is not observed in pldζ2 mutant 
roots (Taniguchi et al., 2010). These results indicate that ABA signaling in the root 
cap could positively enhance root hydrotropism probably through the suppression of 
root gravitropism. 
 
Many studies have been focused on how water gradients could guide root growth 





How plants perceive and respond to gravity is well studied. The phenomenon that 
root grow relative to the direction of gravity is termed gravitropism. The primary site 
of gravity perception in the Arabidopsis root is the columella cells in the root cap. 
The columella cells lack a central vacuole and contain freely-sedimenting starch-
filled plastids, called amyloplasts (Swarup and Bennett, 2009). Auxin has been shown 
to be the signal that regulates the differential elongation of epidermal tissues on the 
apical and basal sides under gravity stimulation and differential auxin localization is 




The Cholodny-Went theory proposes that auxin, an important plant hormone 
regulating many aspects of growth and development in plant is involved in mediating 
plant tropisms. Under normal conditions, roots will grow in the same direction as 
gravity. When the direction of gravity is altered, for example, by rotating the plant by 
a certain angle, this will stimulate changes in auxin distribution. Auxin accumulates 
in the lower regions of the roots, which inhibits cell elongation on the lower region 
and ultimately causes the organs to bend. However, auxin has opposite effects on 
roots and aerial organs: the accumulation of auxin inhibits cell elongation in roots and 
facilitates cell elongation in hypocotyls and shoots. This then results in downward 
bending of roots and upward bending of aerial organs (Muday et al., 2005). Both 
influx and efflux carriers of auxin are necessary for this polar transport of auxin, as 
well as for auxin redistribution in the gravity stimulated roots. Inhibitors of auxin 
influx, including 3-chloro-4-hydroxyphenylacetic acid (CHPAA) and 1-
naphthoxyacetic acid (1-NOA), as well as inhibitors of auxin efflux, including 1-
naphthylphtharamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA), can both 
inhibit root gravitropic response (Takahashi et al., 2009). These data indicates that 




Nutrients such as nitrate, phosphate, sulfate and iron are also important for plant 
acclimation to environments and they can also be perceived as signals in the roots in 
order to help to modify cell division and differentiation processes to determine the 
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root system architecture. Nitrogen (N), phosphorus (P), iron (Fe) and sulfur are 
important nutrients in soil that play important roles in determining root system 
architecture. Nutrients play important role in root hair formation, primary root growth 
as well as lateral root formation through regulating internal plant growth hormones, 
such as auxin, cytokinins and ethylene (López-Bucio et al., 2003). Under P- and Fe-
limiting conditions, root hair formation and elongation increase to allow for better 
plant growth and nutrient uptake (Schmidt et al., 2000). Nutrient availability also 
greatly affects lateral root development. A constant high nitrate growth environment 
reduces lateral root elongation, while temporary exposure to high nitrate 
concentration induces lateral root elongation in plants grown in low nitrate condition 
(Zhang, 1998). However, the inhibitory effect of N on lateral root elongation is 
significantly reduced in abi4-1, abi4-2 and abi5 mutants, suggesting that ABA plays 
an important role in mediating the effects of N on lateral root elongation (Signora et 
al., 2001). Low phosphate availability accelerates LRP formation and the LR 
emergence process at early stages of seedling development, and the changes in LR 
development depend on changes in auxin sensitivity, which could stimulate pericycle 
cells proliferation and LRP initiations (Pérez Torres et al., 2009). However, low P 
inhibits PR growth by inhibition of root meristem activity. In contrast, high P can 
increase auxin concentrations in the root meristems and cells in the meristems have 
high mitotic activity (López-Bucio et al., 2003). Limited sulfate availability can 
increase lateral root density and the increase is dependent on transcriptional activation 
of the NITRILASE3 (NIT3) gene, which encodes an enzyme involved in converting 
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indole-3-acetonitrile to IAA, suggesting that low sulfate could increase auxin levels 
and alter root branching.  
 
1.4 Objective and significance of this study 
 
The root system architecture is a major determinant of plant survival during various 
stress conditions. As described above, both internal hormonal signaling and external 
environmental stimuli play important role in regulating RSA. But there is knowledge 
lacking regarding the following aspects: 
1. Since most environmental effects are studied in extreme stress conditions, the 
sensitivity of root response to the environment is not clear; 
2. Water as a stimulus can greatly affect root growth direction, but little is 
known about whether or how water affects other root developmental processes; 
3. The development of lateral roots is affected by environmental stimuli, 
however the spatial scale at which the environment influences LR 
development is poorly understood; 
4. The root cap is thought to be the site of sensing water and gravity in the root, 
but the genes involved in distinguishing local environmental changes have not 
been fully revealed.  
 
In this thesis, I take the above four aspects as the objective and characterized how 
water regulates RSA, focusing especially on both LR development and PR growth. In 
Chapter 3, I reveal that local difference in moisture availability provide spatial cues 
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that pattern tissues and root branching in several flowering plants. In Chapter 4, I 
discuss how local difference in moisture availability is sensed in the root cap.  
 
In this thesis, I reveal that environmental differences across the circumferential axis 
create spatial cues that determine the position of LR branches. The standard method 
for growing Arabidopsis seedling roots, along the surface of an agar medium, creates 
spatial asymmetries in the environment the PR is exposed to, but the effect of these 
differences has not been explored. Using the standard growth environments as an 
approach, I show that roots of several flowering plants can distinguish between a wet 
surface and air environments, and this also affects patterning of root hairs, 
anthocyanins, and aerenchyma in a phenomenon I describe as hydropatterning.  
Tissue-specific methods to perturb hormonal signaling show that sensing of air/water 
differences occurs in the epidermis and regulates the local induction of auxin 
biosynthesis and transport pathways to promote the development of LRs along the 
water-exposed surface. This work demonstrates that the environment plays a 
fundamental role in establishment of root system architecture by selecting the 
position of future branch sites around the circumferential axis. 
 
In addition, I identify a GFP-reporter line (ProNCED2:erGFP), which shows 
asymmetric expression in lateral root cap cells when grown on tissue culture plates; 
the expression is only present on the air side of the root. The expression of the 
reporter is stronger when grown on media containing higher concentrations of agar 
and suppressed if the root is submerged in liquid. Transcriptome analysis of the root 
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cap cells exposed to different moisture conditions reveals more potential targets 












Chapter 2  




2.1 Plant materials  
 
Arabidopsis thaliana ecotypes Columbia (Col-0), Landsberg erecta (Ler), were used 
in this study. Mutants, abi1-1(Scheres et al., 1995), abi2-1(Leung et al., 1997), 
transgenes are in the Ler background. The wei8-1(Stepanova et al., 2008), sav3-2(Tao 
et al., 2008), pyr/pyl112458 sextuple mutant(Antoni et al., 2013), nced2(Toh et al., 
2008),  nced5(Toh et al., 2008), nced9(Toh et al., 2008), pin3-4(SALK_005544), 
pin2/3/7(Laskowski et al., 2008)mutations and the Pro35S:PIN1(Benková et al., 
2003), ProSCR:abi1-1:RFP, ProCOR:abi1-1:RFP, ProUAS:abi1-1(Duan et al., 
2013), ProUAS:axr3-1(Swarup et al., 2005), ProDR5:LUC+(Moreno-Risueno et al., 
2010), ProPIN3:PIN3:GFP (Zádníková et al., 
2010),ProSCR:PIN3:YFP,ProSCR:PIN3:YFP in pin3-4(Rakusová et al., 2011), 
ProPIN3:GUS(Vieten et al., 2005), DII:VENUS(Brunoud et al., 2012), 
PromiR390a:GUS:GFP(Marin et al., 2010), ProDR5:erGFP(Benková et al., 2003), 
ProDR5:erGFP in wei8(Stepanova et al., 2008) and ProTAA1:GFP:TAA1 (Stepanova 
et al., 2008) transgenes are in the Col-0 background. GAL4-VP16/UAS enhancer trap 
lines J3411, J0951, J2812, J0571, Q2500, Q0990, J0121(Kiegle et al., 2000)are in 
the C24 background. 
 
Maize inbred line B73 was used in this study. The ProDR5:GUS reporter line in 





2.2 Plant growth conditions 
 
Arabidopsis seeds were surface sterilized by suspending them in a 95% ethanol 
solution for 5 minutes followed by a 5-minute shaking in a 20% Bleach, 0.1% Tween-
20 solution and then rinsed in sterile dH20 four times and stored in water for 2 days at 
4°C. Sterilizedseeds were grown on sterile 1% Agar media containing 1X Murashige 
and Skoog nutrients (MSP01-50LT, Caisson), 1% sucrose and 0.5 g/l MES, adjusted 
to pH 5.7 with KOH (termed ―standard media‖). Seedlings were grown for 5 days 
before transfer to standard media or standard media with other chemicals for 5 days 
before phenotyping. Supplements include Abscisic Acid (ABA, Sigma-Aldrich), 2,4-
dichlorophenoxyacetic acid (2,4-D, Sigma-Aldrich) and 3-Indoleacitic acid (IAA, 
Sigma-Aldrich). In some experiments, 2% and 3% agar were added to the media and 
Gelrites (Gellan Gum, Sigma-Aldrich) was used to replace agar. The position of the 
root tip was marked at the time of transfer to distinguish the two regions of the root. 
Plates with seedlings were placed in a Percival CU41L4 incubator at a constant 
temperature of 22°C with long-day lighting conditions (16 hours light and 8 hours 
dark). Plates were partly sealed with parafilm (Alcan Packaging) on 3 sides while the 
top of the plate was sealed with micropore tape (3M) to allow for gas exchange.  
 
For maize seeds sterilization, the kernel tips were removed and the seeds were soaked 
for 4 h in deionized water at room temperature and then incubated in a 55°C water 
bath for 5 min followed by 20 min incubation in a 20% bleach/0.1% Tween-20 
solution. Kernels were washed 5-7 times with sterile deionized water and plated on 
standard media immediately using 1% agar to adhere the kernels on the surface. 
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Tissue culture plates were tilted 60° from the horizontal until root tips contacted the 
surface of the medium, after which point the plates were positioned vertically. 
 
2.3 Transgenes construction 
 




‗GGGGACAACTTTGTATAATAAAGTTGTgatatcgttttgctgaagttgcttt‘ were used to 
clone around 2.5kb of WERWOLF(AT5G14750) promoter and 1kb of WERWOLF 
3‘UTR into pDONRP4-P1R and pDONRP2R-P3 gateway vector. The mutated full-
length abi1-1 coding sequence from cDNA synthesized using abi1-1 root RNA, and 
cloned into the Gateway compatible vector D-TOPO.  
 
To generate P83::abi1-1:RFP vector, primers 
‗GGGGACAACTTTGTATAGAAAAGTTGCACATGGGTTAGTACTTAATATC‘ 
and‗GGGGACTGCTTTTTTGTACAAACTTG CTTTGGAGGGTATATAGTGATG‘ 
were used to clone 3kb of P83(AT1G44760) promoter into the pDONRP4-P1R 
gateway vector. The mutated abi1-1 coding sequence without its stop codon from 
cDNA synthesized using abi1-1 root RNA, and cloned into D-TOPO vector. Free 
form of RFP was cloned in pDONRP2R-P3 gateway vector, which is a gift from 




To generate the UAS::TAA1 construct, the primers 
‗CACCATGGTGAAACTGGAGAACTCGA‘ and 
‗CTAAAGGTCAATGCTTTTAATGAGCT‘ were used to PCR amplify the TAA1 
(AT1G70560) coding sequence from cDNA synthesized using Col root RNA and 
cloned into D-TOPO vector.  
Multisite Gateway (Invitrogen) recombination was use to introduce WER::abi1-1, 
P83::abi1-1:RFP, WER::TAA1, UAS::TAA1 and UBQ10::TAA1 into a dpGreen-
based binary vector, which contains mCherry gene for fluorescent plant seeds 
selection.  
 
To generate COR::PIN3:GFP construct, the primers 
 ‗GCTCTTCaAGTgttgacaatgtgggctaactcac‘ and ‗GCTCTTCgCAC 
ggttttggctaatgtgattgtgtag‘ were used to PCR amplify a 1.2kb region of the CORTEX 
(AT1G09750) promoter. Primers ‗GCTCTTCaGTG  
ATGATCTCATGGCACGACCTCTA‘ and  ‗GCTCTTCgCCA 
TTATAACCCGAGTAGAATGTAGTA‘ were used to PCR amplify a 3.5kb 
fragment of  PIN3-GFP genomic coding sequence. The two fragments were then 
cloned into pCR®Blunt II-TOPO® Vector using Zero Blunt® TOPO® PCR Cloning 
kit (Invitrogen) for sequence verification. The two fragments were then cloned into a 
modified dpGreen based binary vector containing mCherry gene using Golden Gate 




2.4 Transformation of E. coli competent cells 
 
One Shot® TOP10 Chemically Competent E. coli cells (Invitrogen, C4040-03) was 
used for propagate plasmids during each cloning steps. The DNA products from BP 
reaction or LR reaction were added into the competent cells followed by incubating 
on ice for 30 minutes. Then the cells were heat-shocked for 45 seconds at 42°C 
without shaking before transferred to ice immediately. 500μl S.O.C medium 
(Tryptone (pancreatic digest of casein) 2% (w/v), Yeast extract 0.5% (w/v), NaCl 8.6 
mM, KCl 2.5 mM, MgSO4 20 mM, Glucose 20 mM) were added in each tube. The 
tubes were caped tightly and shook horizontally (200 rpm) at 37°C for 1 hour. 150 μl 
cell culture were the spread from each transformation on a selective plate and 
incubate overnight at 37°C. Single colonies were inoculated in LB liquid medium 
(Tryptone, 10.0 g, Yeast Extract, 5.0 g, NaCl, 10.0 g) with the selection antibiotics for 
12-16 hours before used for plasmid extraction (Promega, Wizard® Plus SV 
Minipreps DNA Purification System). Plasmid for each colony for extracted for 







2.5 Agrobacteria mediated plant transformation 
 
Agrobacteria strain, GV3101 cells, was used for carrying the transgenes and infecting 
plants. To transform agrobacteria, the binary vectors with transgenes were added to 
electric competent GV3101 cells on ice. Then the mixture was added into the 1 mm 
electroporation cuvette (Bio-rad) and shocked with 1.8 kv electricity. 500 μl LB 
liquid medium was then added to the cells and incubated at 28°C for 2 hrs before 
spreading on LB plates containing 25μg/ml gentamycin, 10 μg/ml tetracycline for the 
selection of the GV3101 strain and a specific antibiotic for the selection of the binary 
vector. For dpGreen-based plasmids, 100μg/ml spectinomycin was used for selection. 
After growing under 28°C for 2-3 days, colony PCR was performed on the single 
colonies in order to verify the positive transgenes. 
 
Single colonies of GV3101 cells containing the positive transgenes were then spread 
on large petri dishes (150 mm diameter) on selective LB agar media for 3 days at 
28°C. 30 ml of infiltration media (1/2X MS salts, 0.03% Silwet L77 and 5% sucrose 
adjusted to pH 5.7 with KOH) was poured on top of the LB agar media and bacterial 
cells were scraped off from the surface and collected into infiltration buffer. The cell 
suspension was homogenized by gentle shaking for 5 seconds in a 50 ml conical tube. 
The cell suspension was then diluted with an additional 150 ml of infiltration media 




Arabidopsis plants were grown at 5-10 seedlings per pot. The primary shoot of the 
flowering plants was cut off and we waited for around 7 days for secondary shoots to 
emerge. This method provided considerable more flowers on the plants. Then the 
flower buds were dipped in infiltration media containing agrobacteria for 30 seconds. 
Plant pots were then put horizontally under dark for 24 hrs to improve transformation 
efficiency. The dipped plants were then grown under normal conditions and seeds 
were harvested from treated plants and selected based on Kanamycin resistance or 
visually based on mCherry fluorescence using an M165 FC fluorescence microscope 
(Leica). 
 
2.6 Luciferase imaging 
 
Plates were sprayed with a 2mM sodium luciferin (Gold Biotechnology) solution and 
then imaged using a customized luminescence imaging system--GLO-Roots 
(Logemann Visualization Products). Images of seedlings were taken in the following 
sequence: one bright-field image with external illumination followed by a 5 minute 
dark interval then a 3-5 minute exposure with no illumination. The expression of 
ProDR5:LUC+ was characterized in the region between the first visible emerged 
lateral rootto the last visible emerged lateral root.  The number of prebranch sites 
(LUC+ foci) was counted within the region of interest including the lateral roots and 





2.7 Microscope analysis 
 
For confocal microscope imaging, roots were mounted in a propidium iodide solution 
(5ug/ml) (Invitrogen), and imaged using a Leica SP5 point-scanning confocal 
microscope high-resolution images or a Leica DM6000 inverted microscope, a 
Yokogawa CSU-X spinning disk confocal head and a Roper Evolve camera for series 
of Z-stack images. The imaging settings are 488 nm excitation and 505-550 nm 
emission for GFP, 514 nm excitation and 520-560 nm emission for YFP and 488 nm 
excitation and >585 nm emission for propidium iodide.  
 
To do confocal images on the air side or agar side of the roots tips, seedlings were 
grown on standard media for 5 days and then rotated 90 degree for overnight to let the 
root tip make 90 degree bending. Then bending direction would allow us to determine 
the air side of the root or the agar side of root was being imaged (See Figure. 3 for 
details). For images of roots maturation zone, the root hairs were used to determine 
the two sides of the root.  Root hair developments were highly inhibited on the agar 
side of the root. Long cover glass (20X60mm, VWR) was used in place of the normal 























Figure 3. Diagrams of how to image air side or agar side of the root tip.  
After rotating the plate 90 degrees overnight, root tips would make a 90 degrees 
bending under gravity stimulation. The air or agar side of imaging could be 
determined based on the bending direction on the slides.   
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To determine the effect of local moisture environment on auxin response, the 
expression of the ProDR5:GUS reporter was imaged in seedlings grown on MS media 
containing 1%, 2% and 3% agar for 5 days. To determine the effect of ABA on PIN3 
expression, the ProPIN3:GUS reporter was imaged in seedlings transferred to either 
standard media or media containing 10 μM ABA for 2 days. All the images were 
taken using a Leica DMI6000 inverted compound microscope. 
 
Images analysis were done using Fiji (Schindelin et al., 2012), an open source 
imaging process software. For series of Z-stack images, Z projection was applied 
using the maximum intensity value and fluorescence intensity was quantified using 
the Z projection images.  Student‘s t-test was used to test for statistical significance in 
fluorescence intensity measurements using a p-value threshold of less than 0.05.  
 
2.8 Phenotypic analysis 
 
For hydropatterning phenotype analysis in Arabidopsis, seedlings were grown on 
standard media for 5 days and then transferred to various conditions for 5 days. The 
transfer points were marked and only lateral root grown after transferring were 
observed and counted using a stereo microscope (Olympus SZ61). The lateral roots 
were categorized into 3 different groups (Air, Horizontal and Agar) based on the 
initiation direction relative to the media surface. The direction of LR emergence was 
characterized in Arabidopsis seedlings grown on standard media for 5 days and then 
transferred to various conditions for 5 days before observation. LRs were visualized 
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using a dissecting microscope (Olympus SZ61) and categorized into 3 different 
phenotypic groups (air side, horizon side and contact side) based on the initial 
direction of emergence from the PR, relative to the media surface. LRs emerging on 
the contact side were categorized as such if the emergence site of the LR from the 
epidermis was below the horizon of the root and could not be seen by viewing from 
above.  LRs emerging on the horizon side were characterized as such if the 
emergence site could be seen and the angle of LR growth was parallel to the agar 
surface.  LRs emerging on the air side were characterized as such if the emergence 
site could be observed and the LR was growing in the direction of the observer.   
 
For phenotype of root grown through the agar, seedlings were grown horizontally on 
standard media for 4-5 days to let the roots grown into the agar and then we marked 
the position of the root tips and placed the plates vertically for another 5-6 days. Only 
lateral root grown below the marks were observed and quantified similar as described 
above.  
 
For transverse sectioning of maize roots, seminal roots were cut from 6-7 days old 
maize seedlings. 3% agarose solution in distilled water was prepared using 
microwave. To use as agraose mold, cylindrical end of 1 ml pipette tip was cut with a 
sharp razor blade and its one end was sealed with double layer of parafilm. Hot 
agarose is poured in this mold and allowed to cool slightly. Maize roots were then set 
in agarose by pulling them down gently and through the agrose with the help of 
forceps. Hardened agarose blocks were pop out and sectioned with a sharp edge razor 
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blade. Sections were placed in sterilized distilled water and imaged under transmitting 
light using a Leica DMI6000 inverted compound microscope. 
Fisher‘s exact test were used to test for statistical significance in lateral root 
distribution of the three categories in various conditions using a P value threshold of 
<0.05.  
 
2.9 Protoplasting of roots and isolation of GFP-enriched cell 
populations by FACS 
 
Seedlings were grown on standard conditions with nylon mesh (Elko Filtering Co.), 
about 500 to 1,000 seeds per row and two rows per plate.Roots tissues were collected 
from 5 days seedlings using blade (No. 10, Fisher Scientific) and used for 
protoplasting. Protoplasting of root cells was performed as previously 
described(Birnbaum et al., 2005).   
 
2.9.1 Preparing protoplast solutions  
 
Solution A should be freshly made and adjust pH to 5.5 with 1M Tris. Solution A 
recipes: 600 mM Mannitol (Sigma M-4125), 2mM MgCl2 (Fisher C79-500), 0.1% 
BSA (Sigma A-3912), 2 mM CaCl2 (Fisher M33-500),  2 mM MES(Sigma M-2933), 
10 mM KCl (Sigma P-3911).   
Solution B 
Aliquot 50 ml of Soln A and add: 
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0.75 g cellulysin (Calbiochem, cat no. 219466) 
0.05 g pectolyase (Sigma, cat no. 3026) 
(50 ml of soln B is enough for 10,000 Arabidopsis roots that are about 1 week old) 
 
2.9.2 Protoplasting protocol 
 
•Place one 70μm cell strainer into one small Petri dish, one for each sort.  Typically, 
one sort will be 4-6 plates as described above, depending on the line used.  Pipette 
6.5mL-7mL of Solution B into each dish. 
•Harvest roots to desired length with a #10 or #21 surgical blade; slice the roots up 
just a little with four or five more blade strokes.  You will need to change blades 
every 5-6 plates to prevent dulling of blade and thus bruising of tissue. 
•Place chopped roots from 4-6 plates worth of plants into one dish/strainer set with 
Solution B from step 1.  Separate roots and mix them in Solution B for a couple of 
minutes, making sure that the individual roots are exposed to the protoplast solution.   
•Incubate at room temperature agitating at 85rpm on the orbital shaker for 60 minutes.  
Gently mix the roots by spreading them over the cell strainer and applying slight 
pressure to them over the mesh strainer; it is convenient to lift the strainer out of the 
solution to spread out roots and to help loosen the tissue.  Repeat two or three times 
per sample during the incubation time. 
•Remove cell strainer with remnants of roots that were not protoplasted. For each 
sample, place a small amount of root remnants in a 15mL Falcon tube; this will help 
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to pellet the protoplasts.  Aspirate the supernatant (including any liquid that may be 
on the outside of the strainer) into the 15mL tube.   
•Spin the tubes at 22°C, 200g for 6 minutes.  Immediately remove the tubes after 
spinning. 
•Remove the supernatant, leaving the pellet of root remnants and protoplasts.  
Carefully resuspend the cells in a 500μL-1mL of Solution A; we typically resuspend 
in 350μL of Solution A, pass this through the filter, then rinse with another 350μL, 
and pass though filter. 
•After re-suspending protoplasts, pass cell suspension aliquots through a 70μM filter 
into a 50mL Falcon tube.  You can tap the tube with filter to speed filtration.  Then 
aspirate the filtered cells in solution, being sure to transfer any liquid that may be 
clinging to the outside of the strainer, and filter through a 40μm filter into another 
50mL tube; 
•Transfer the further filtered cells in solution (again, including any liquid on the 
outside of the strainer) into a 5mL polystyrene tube (or tube specified by the cell 
sorter used).  The suspension may need to be diluted further depending on the cell 
sorter used. 
 
2.9.3 FAC sorting 
 
GFP positive cells were sorted using BD FACs Vantage SE into RPE lysis buffer 
(Qiagen GmbH) at the Cell Cytometry core facility, NUMI located at the National 
University of Singapore, Singapore.  The enrichment of GFP-expressing protoplasts 
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in the total population of FACS isolated cells was determined by collecting cells into 
PBS buffer and counting using a hemocytometer. 50,000 FACS isolated fluorescent 
positive cells for each sample were used for total RNA isolation. 
 




For quantitative RT-PCR analysis of gene expression in roots growing under different 
conditions, root RNA was extracted from root tissue after transfer using RNeasy Plant 
Mini Kit (Qiagen) according to manufacturer‘s instructions. cDNA was prepared 
using the iScript advanced cDNA synthesis kit (Bio-Rad) from 500 ng of total RNA. 
Q-PCR was performed on a Fluidigm BioMark 48.48 Expression Chip using 
EvaGreen (Bio-Rad) as the fluorescence probe according to the Fluidigm Advanced 
Development Protocol #37. AT3G07480 and AT4G37830 were used as control genes. 




Table 1. Primers for genes used in the Real-time Q-PCR analysis. 
Gene name AG1  Forward primer Reverse primer 



































































































































































2.10.2.1 RNA isolation, microarray hybridization  
 
Total RNA from 50,000 FACS isolated cells was extracted using the RNAeasy Micro 
Kit (Qiagen).  The yield and quality of total RNA was analyzed using a Nanodrop 
spectrophotometer and Pico RNA chips on a Bioanalyzer (Agilent Technologies).  
100 ng of total RNA was labeled using the GeneChip® 3' IVT Express Labeling kit 
(Affymetrix) and hybridized to ATH1 genechips following the manufacturer 
instructions (Affymetrix).  Arrays were washed using a GeneChip® Fluidics Station 
450 and GeneChip® Hybridization, Wash, and Stain Kit (Affymetrix) before data 
acquisition on a GeneChip® Scanner (Affymetrix). Bioanalyzer analysis and 
Affymetrix hybridization, washing and scanning were performed in the microarray 
facilities located at the Biopolis Shared Facilities, Agency of Science and Technology 
Research, Singapore.  Three biological replicates were performed per sample type. 
 
2.10.2.2 Data analysis 
 
All data analyses were performed using the R software package (http://www.r-
project.org) and packages provided through Bioconductor 
(http://www.bioconductor.org).  GCRMA was used for global normalization (Irizarry 
et al., 2006).  Data quality was examined using the signal distribution of Affymetrix 
built-in controls (Spike-in and hybridization controls) using Expression Console 
56 
 
software (Affymetrix) and AffyQCReport(Gautier et al., 2004).  An r2 correlation 
value of 0.94 between biological replicates was used as a cutoff for reproducibility of 
the data.  Probe-sets that are annotated by TAIR to hybridize to multiple loci in the 
Arabidopsis genome were removed from further analysis based on the 
affy_ATH1_array_elements-2010-12-20 table. 
 
Differentially expressed genes were determined using LIMMA and EDGE packages 
in R (Smyth, 2005; Storey et al., 2005; Leek et al., 2006).  P-values were corrected 
for multiple testing using the Benjamini-Hochberg method and probe-sets were 
considered significantly differentially expressed if the P-value ≤ 0.001 and expression 
differed by at least 2-fold between contrasting sample types.  A 10% FDR threshold 
was used in EDGE combined with a 2-fold change cut-off.  The final list of NaCl 
regulated probe-sets were attained by combining the lists from LIMMA and EDGE 




2.10.3.1 RNA extraction and library preparation 
 
For RNA-seq analysis on gene expressionof tissue specific effect of ABA treatment, 
samples were collected from J2812>>abi1-1 and control F1 seedlings were grown on 
standard media for 5 days and transferred to either standard media or media 
containing 10 μM ABA for 2 days. For RNA-seq analysis on gene expression profile 
57 
 
of local moisture effect, samples were collected from J2812>>abi1-1 and control F1 
seedlings were grown on standard media for 5 days and transferred to standard media 
or media contain 3% agar for 2 days. Only the root tissues grown after transfer point 
were collected for RNA extraction. Roots sample from 20 to 25 seedlings were 
collected for one sample and 3 biological replicates were performed.  
 
Total RNA was extracted using RNeasy Plant Mini Kit (Qiagen) according to the 
manufacturer‘s instructions and quantified using the Qubit RNA Assay Kit 
(Invitrogen). Ribo-Zero™ Magnetic Kit (Plant Seed/Root) (Illumina) was used to 
remove the rRNA from 5 mg of total RNA for each sample and then fragmented 
using RNA Fragmentation Buffer (NEB). cDNA was prepared using SuperScript® 
Double-Stranded cDNA Synthesis Kit (Invitrogen) with both random hexamer and 
oligo dT (random hexamer : oligo dT = 3:1). The cDNA clean up was done using 
Ampure RNA beads (Beckman Coulter). Library construction was done using the 
KAPA HTP Library Preparation Kit (NEB) by following the manufacturer‘s 
instructions and custom-made barcoded adapters. Libraries were amplified for 12 
PCR cylces before quantified using both Qubit DNA Assay Kit (Invitrogen) and 
Bioanalyzer DNA chip (Aglient). 18 libraries were then diluted and equally pooled 
together based on the quantification results. Final concentration for the library pool 
was 10 ng/μl.Library sequence was run on HiSeq 2000 platform (Illumina) (Paired 




2.10.3.2 Data analysis 
 
Sequencing reads were stored in FASTQ format. Alignment of sequencing reads to 
Arabidopsis genome was a critical step in the analysis workflows and Tophat (v2.0.6) 
(Trapnell et al., 2012)was used to map the reads to Arabidopsis genome (TAIR 10). 
Tophat is a program that aligns RNA-seq reads to a reference genome and is built on 
the short read mapping program Bowtie. The outputs of Tophat were kept in BAM 
format. Cufflinks is another program to assemble the BAM format reads to the 
annotated genome reference and calculated the gene expression level (FPKM) 
(Trapnell et al., 2012). Differential gene expression was calculated based on pair 
comparisons between two conditions and the analysis were done using Cuffdiff, 
which is part of the Cufflink package.  The gene expression data were clustered and 
visualized in heatmaps using Multiple Experiment Viewer(Saeed et al., 2006). 
 
Principal component analysis (PCA) of different samples was done used the 
significant gene regulated by ABA treatment in the wild type and eliminated genes 
with FPKM equaled zero and three genes with very high expression values.  
 
2.11 Genetic analysis  
 
To selectively express abi1-1 or axr3-1 in specific tissue layers in root, different 
enhancer trap lines were crossed to plants harboring eitherUAS:abi1-1 or UAS:axr3-1 
transgene. Wild-type plants of the C24 ecotype were crossed with UAS:abi1-1 or 
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UAS:axr3-1 plants to generate the control genotype. Phenotypic and gene expression 
analysis were performed using the F1 seeds.  
 
2.12 GUS activity analysis 
 
GUS (β-glucuronidase) staining wasperformed according to the method described 
previously(Swarup et al., 2008). The GUS substrate X-Gluc (5‐bromo‐4‐
chloro‐3‐indolyl ß‐D‐glucopyranoside sodium salt) (Sigma) was dissolved in 
N-N-Dimethylformamide (DMF) to make a 100 mMstock solution, which was kept at 
-20°C in darkness. The staining solution is composed of 100 mM sodium 
phosphate(Na2PO4) pH 7.0, 0.5 mMPotassium ferricyanide (K3Fe(CN)6), 0.5 mM 
Potassium ferrocyanide (K4Fe(CN)6), 0.5% TritonX-100 (v/v), 0.5% DMF and 1 mM 
X-Gluc. The whole seedlings were mounted in the staining solution and incubated in 
a 37°C oven for 2 hours. After staining, thetissues were cleared in a modified Hoyer's 











Chapter 3  






Plants are exposed to a heterogeneous environment in nature, especially for the 
underground root system. Soil varies greatly in texture, nutrient contents, pH, and 
moisture content, all of which have a great impact on root architecture, yet little is 
known about the mechanisms of how roots adapt to the local soil heterogeneity. Here 
we demonstrate that standard tissue culture conditions provided a useful experimental 
system to explore the response of the root to local environmental heterogeneity.  Our 
work reveals the mechanism by which local heterogeneity in moisture helps to guide 
the patterning of new organ development. The stress responsive hormone ABA can 
disrupt this process and, by utilizing a tissue specific strategy, we have identified the 
epidermis as the target tissue layer for ABA signaling. Transcriptome and hormone 
quantitation studies show that auxin is the primary hormone responding to moisture 
and promoting hydropatterning. Moisture promotes auxin transport in the cortex 
tissue and transmits the signal into the pericycle to control founder cell determination, 
which is disrupted by ABA signaling in the epidermis. Our data provide a 
comprehensive understanding of how environmental stimuli are sensed in the outer 
tissue layer and transmit patterning information into the inner tissues to affect new 






Water is essential for plant survival, yet little is known regarding how plants sense 
changes in water availability. The root is the primary organ that senses, absorbs and 
transports water from the soil; therefore, understanding how root architecture is 
shaped by differences in local moisture is important. The tendency of plant root 
growth towards water has been characterized as hydrotropism and studied since the 
time of Darwin in 1880s. The root cap is thought to be the primary site for perception 
and response to an environmental moisture gradient (Takahashi and Suge, 1991; 
Takahashi and Scott, 1994, 1993). Several experimental systems have been 
established to study this phenomenon (Takahashi et al., 2002) and forward genetics 
has revealed several important genes involved in the hydroptropic response (Eapen et 
al., 2003; Kobayashi et al., 2007). Mutants defective in ABA biosynthesis and 
signaling pathways have also been shown to have defects in the hydrotropic response 
(Takahashi et al., 2002), suggesting that ABA also participates in sensing water 
potential gradients (Eapen et al., 2003).  
 
However, RSA is not only influenced by the growth direction of PR and LRs but also 
depends on LR patterning along the circumferential axis. How the LR pattern is 
determined according to the moisture environment is largely unknown. LR 
development is a well-characterized biological process under tight internal regulation, 
which goes through pre-initiation, initiation, and post-initiation steps (Péret et al., 
2009a, 2009b). A pair of pericycle cells opposite to the xylem pole are primed to 
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become founder cells and go through several rounds of anticlinal divisions to create a 
lateral root primordium, which further goes through anticlinal and periclinal division 
and eventually breaks through the PR. Auxin is found to positively regulate LR 
development during pre- and post-initiation events including emergence (Fukaki and 
Tasaka, 2009; Overvoorde et al., 2010; Péret et al., 2009b). Newly developed LRs are 
found to occur at regular intervals along the PR, but the mechanism underlying the 
founder cell selection is not quite clear. An endogenous auxin oscillation mechanism 
is found to guide the founder cell priming, which establishes pre-branch sites along 
the longitudinal axis for further lateral root development (Moreno-Risueno et al., 
2010). However, there are two sets of pericycle cells that can become founder cells at 
each branching site, of which only one pair of cells become founder cells. Little is 
known regarding which pair of pericycle cells to be chosen along the circumferential 
axis. In addition, not all the pre-branch sites can develop into lateral roots, and the 
mechanisms that regulate the developmental progress are still not clear.  
 
In this study, we describe a new phenomenon–which we define as hydropatterning- 
characterized by biased LR development towards a moisture gradient. We show that 
besides root growth direction, organ patterning is also influenced by a local moisture 
gradient. We identify auxin to be the primary hormone that responds to the local 
moisture level and guides lateral root development along the circumferential axis. 
These data provide some clues that environmental stimuli could help to make the 






3.3.1 Non-uniform local environment for roots grown in tissue culture system 
determines asymmetries in LR development 
 
The traditional tissue culture growth system provides the Arabidopsis seedling an 
asymmetric growth environment on the radial axis. When seedlings were grown on 
the media surface, one side of the root was exposed in the air (air side) while the other 
side of the root contacted the media and was surrounded by a meniscus of water that 
forms on the surface (agar side) (Figures 6 and 7A). This local difference had a great 
impact on root development. Root hairs could only be observed on the air side and 
their development was highly inhibited on the agar side (Figure 4).The asymmetric 
environment not only affected primary root development but also had a great impact 
on lateral root development: most lateral roots developed towards the media side 
while only a few developed on the air side (Figure 5).  
 
The meniscus on the media surface was influenced by the amount of agar contained 
in the media. The more agar added to the media, the smaller the meniscus present 
around the roots (Figure 6). This led to a stronger bias of lateral root development on 
the agar side when roots were grown on higher concentrations of agar media (Figure 
7C). However, the media contains other ingredients besides water, such as sucrose, 
ion particles, and agar. To test whether the chemical contents of the media were the 
cause for this phenomena, we used different media containing no sucrose, no MES, ¼ 
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MS, gelrite instead of agar and media containing only agar to grow Arabidopsis and 
we still observed a strong bias of lateral roots developing on the agar side (Figure 8). 
This result suggested that components of the media were not the cause for the 
phenomenon. However, when growing the root through the media instead of on the 
surface, there was no preferential direction of the lateral root development (Figures 
7B and 7C), which suggested that the lateral root development bias was dependent on 
the local asymmetric environment. 
 
This phenomenon can also be more clearly observed in rice and maize roots.  Figure 
9A shows that all the lateral roots are on one side of the primary root in rice, which is 
the side contacting agar. There is no lateral root development on the air side in either 
species. The asymmetric environment also affects aerenchyma development in rice 
roots (Figure 9B) and anthocyanin pigmentation in maize (Figure 10A). Previous 
studies show that aerenchyma develops constitutively under aerated conditions 
(Jackson et al., 1985) and we observed that the anthocyanin accumulation also 
occurred on the air side of the maize root. These could serve as useful markers to 
distinguish the two root sides in a radial axis section. Root cross sections showed that 
lateral root primordia developed on the opposite side of where aerenchyma formed in 
rice (Figure 9C). This developmental bias was also dependent on the local 
asymmetric environment. When growing maize root through the media, lateral roots 
could develop in all directions (Figure 10B).  We hypothesize that differences in 
water potential between the air and agar environments may influence the distribution 
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of lateral roots along the circumferential axis and term this phenomenon 







































Figure 4. Image of root hairs on both sides of a root. 
Root hair can be only observed on the air side of the root and no root hair can be 



















Figure 5. Picture of lateral root growing on agar media. 
A. Lateral root initiated towards agar side.  
B. Lateral root initiated towards air side.  





















Figure 6. Roots growing on media containing different concentration of agar.  
On 1% agar media, there is an obvious meniscus surrounding the root tip, and the 
meniscus on 2% agar media was much less visible compared to that on 1% agar 
media. On 3% agar there is no visible meniscus around the root.  





















Figure 7. Lateral root initiation bias under different growth conditions. 
A. Diagram of root cross section when growing on agar surface.  
B. Diagram of root cross section when growing inside agar media. Arrows in yellow, 
red and blue indicate different lateral root initiation directions and thus represent 
different categories. 
C. Quantification of lateral root initiation bias on roots growing on standard media 
with 0.7%, 1% and 2% agar concentration as well as roots growing inside agar. 
(n> 20) 
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 
differences based on Fisher‘s exact test, * indicates p value < 0.05, ** indicates p 




















Figure 8. Effects of nutrients on lateral root initiation bias.  
Quantification of different categories of lateral roots based on their initiation direction 
on seedlings grown on media surface with different chemical contents compared to 
the standard growth media (Control) (n>20). Mesh means mesh was applied on the 



























Figure 9.  Hydropatterning phenotype in rice root. 
A. Rice seedling grown on agar showing lateral roots only present on the contact side 
of the primary root. B and C show hand-cut cross-section of a rice PR grown on agar, 
stained with calcofluor and imaged on a fluorescence microscope.  Image shows the 
development of aerenchyma and root hairs on the air side and an LR emerging from 


































Figure 10. Hydropatterning phenotype in maize roots.  
A. Cross section of maize root showing anthocyanin and root hairs are on-one side 
of the root.  
B. Imaging of maize roots growing on media surface and inside agar. Lateral roots 
are only observed on the agar side and no lateral roots are observed on the air 
side when seminal roots grow on agar surface. No lateral root initiation bias was 




3.3.2 Lateral root patterning is determined at the founder cell priming stage 
 
LR development is a well-studied process and involves several steps: pre-initiation 
founder cell priming (auxin maximum priming pericycle cells for lateral root 
initiation in the root tip region), lateral root primordia initiation, primordia 
development and finally emergence from primary root (Péret et al., 2009b; Malamy 
and Benfey, 1997; Casimiro et al., 2003). We next asked at what stage of the lateral 
root development was the bias pattern determined.  
 
miR390 encodes a microRNA that targets the TAS3 family of tasiRNA-generating 
transcripts and is specifically expressed in lateral root primordia as early stage1 
primordia (Figure 11A) (Marin et al., 2010). By counting miR390a:GFP marked LR 
primordia across the primary roots, we found that most of the primordia initiated on 
the media side with few initiating on the air side of the root (Figure 11B). This result 
suggests that lateral root development bias patterning is determined before the 
initiation stage.   
 
Miguel et. al (Moreno-Risueno et al., 2010) generated a ProDR5:LUC+ reporter to 
determine auxin oscillation and maxima for founder cell priming and showed that 
there are approximately the same number of pre-branching sites for roots grown 
through agar as for roots grown on the surface. The asymmetric environment could 
not change the internal founder cell priming along the longitudinal axis, which 
indicates that the patterning determination occurs after the priming stage. For each 
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pre-branching site, there are two pairs of pericycle cells opposite to the xylem poles 
that could be primed and have the potential to become founder cells; however, only 
one lateral root forms at one particular site. How one group of pericycle cells are 
selected to become lateral root founder cell is not currently understood. There are two 
possibilities: the pericycle cells could be chosen by the environmental stimuli or the 
decision could be made independent of environmental stimuli and it is the later 
developmental stages that are affected by environmental stimuli. If the latter is true, 
and the pericycle cells chosen to be founder cells are independent of environmental 
stimuli, then the missing lateral root and lateral root primordia number compared to 
the pre-branch sites will be equal to the numerical difference between ―Agar‖ and 
―Air‖ categories; otherwise, the total number of lateral root and lateral root primordia 
must be more or less the same as the pre-branch site number. We quantified different 
lateral root initiation categories in the ProDR5:LUC+transgenic lines and marked the 
last visible lateral root or lateral root primordia position of each primary root (Figure 
12A). We calculated the difference between PBS-LRP was 1.5 and the difference 
between ―Agar‖ and ―Air‖ lateral roots was 6.3 (Figure 12B). The two categories 
were not comparable, which suggested that the environment stimuli and the founder 
cell determination were two correlated events.  
 
Together, these results indicate that environmental stimuli such as water could help to 
select the founder cells to determine lateral root initiation along the circumferential 







Figure 11.  Hydropatterning determination occurs at or before the LR initiation 
stage. 
 
A. Confocal image of PromiR390a:GUS-GFP showing that the reporter is expressed 
in the pericycle cells at the stage I lateral root primordia.  
B. Quantification of lateral root primordia initiation direction bias using 
PromiR390a:GFP as a marker. 

























Figure 12.  ProDR5:LUC+ imaging and data quantification. 
A. Luciferase and bright field images of ProDR5:LUC+ seedling grown on standard 
media. Red line indicates where the last LRP was observed. Yellow asterisks 
indicate each ProDR5:LUC+marked pre-branching sites counted. 
B. Quantification of number difference between ―Agar side‖ lateral root and ―Air 
side‖ lateral root and number difference between ProDR5:LUC+marked pre-
branching sites and total visible lateral roots.  
Error bars indicate standard error of the mean (SEM).  Asterisks mark significant 






























Figure 13. Diagram demonstrating that environmental stimuli affect founder cell 
selection to determine lateral root (LR) initiation bias along the circumferential 
axis. 
Pericycle cells are primed for future LR initiation at the basal meristem, 
environmental stimuli then biases the founder cell (FC) selection and LR initiation 
starts and forms LR primordium (LRP). Finally LR emerges from PR. Auxin is 
transported toward the young root tip (acropetal transport; ap), and then, at the root 




3.3.3 ABA disrupts the hydropatterning process through signaling in the 
epidermis 
 
ABA is an important hormone that regulates plant physiological changes in response 
to low water potential (Zhang et al., 2006; Endo et al., 2008; Bauer et al., 2013) and 
previous studies showed that ABA plays a negative role during lateral root 
development (De Smet et al., 2003, 2006; Fukaki and Tasaka, 2009). In order to 
determine whether it is involved in hydropatterning, we treated roots with various 
ABA concentrations. At low levels (0.5 μM), ABA could already disrupt 
hydropatterning (Figure 14A). 1μM ABA and above could lead to a similar number 
of lateral roots growing on the agar side as that growing on the air side. ABA 
treatment strongly inhibited the total number of lateral roots, especially on the agar 
side (38.6% LR number reduction on 0.5μM ABA, 61% reduction on 1μM ABA, 
73.5% reduction on 5 μM and 10 μM ABA) while it promoted little if any  lateral root 
development on the air side.  
 
Since the patterning process was determined at a very early stage, we next asked 
whether ABA affected patterning at the same stage.  We counted miR390a-GFP 
marked lateral root primordia under ABA treatment and observed similar numbers of 
lateral root primordia on both sides of the root (Figure 14B). These data indicate that 




ABA has been shown to regulate root growth response through tissue-specific 
signaling (Duan et al., 2013). To determine whether ABA affected hydropatterning in 
a similar fashion, we utilized the GAL4-VP16/UAS enhancer trap system (Kiegle et 
al., 2000; Ubeda-Tomás et al., 2008) to drive tissue-specific expression of abi1-1, 
which dominantly suppresses ABA signaling (Park et al., 2009; Ma et al., 2009). By 
using the associated UAS::erGFP reporter, we showed that the enhancer-trap lines 
used in this study drive distinct expression in the various cell layers of the primary 
root grown under standard conditions (Figure 15A) and 10 μM ABA (Figures 15B) 
and ABA did not change the expression pattern of the enhancer-trap lines we used 
here.  
 
To determine whether tissue-specific expression of abi1-1 could induce resistance to 
exogenous ABA application, we used F1 seedlings generated by crosses between a 
UAS:abi1-1 transgenic plant and various enhancer trap lines. Two independently 
crossed lines (J0951>>abi1-1 and J2812>>abi1-1) showed strong resistance to the 
disruption of hydropatterning caused by ABA treatment (Figure 16). These two lines 
shared expression in the epidermis tissue layer, which indicated that the epidermis 
was the specific cell type that ABA acted on to disrupt hydropatterning. Other 
transgenic lines with tissue specific expression abi1-1 (cortex expression, 
ProCOR:abi1-1:RFP; endodermis expression, ProSCR:abi1-1:RFP; and lateral root 
cap expression, P83:abi1-1:RFP) did not show any rescue effect in hydropatterning 
under ABA treatment (Figures 17). However, the lateral root cap-specific line 
P83:abi1-1:RFP did show a rescue in the total number of emerged lateral roots under 
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ABA treatment (Figure 17B). These results suggested that ABA affects 
hydropatterning independent of lateral root initiation. Together these data indicated 
that ABA can disrupt hydropatterning before lateral root initiation stage and the 
disruption is dependent on ABA signaling in the epidermis.  
 
However, endogenous ABA signaling in the epidermis is not necessary for 
hydropatterning determination under normal growth conditions, since neither of the 
epidermis specific enhancer trap lines show any defective hydropatterning phenotype 
compared to control (Figure 16). Other ABA receptor, biosynthesis and signaling 
mutants did not show any hydropatterning defect under standard conditions (Figure 
18). In addition, we also applied ABA on the sextuple ABA receptor mutant 
pyl/pyr112458 and observed strong resistance to ABA treatment with a similar 
number of lateral roots and no hydropatterning defects (Figure 18A). These results 
suggest that endogenous ABA signaling is not involved in determining 
hydropatterning under normal growth condition, but it is sufficient to disrupt the 




















Figure 14. ABA disrupts hydropatterning at an early stage of lateral root 
development. 
 
A. Quantification of various exogenous ABA concentrations disrupting lateral root 
initiation direction bias. (n>20)  
B. Quantification of lateral root primordia (marked by PromiR390a:GFP-GUS) 
initiation bias under standard and 10 μM ABA conditions. (n ≥ 10) 
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 































Figure 15.  Expression patterns of seven different enhancer trap lines in 
Arabidopsis root.  
A. Confocal images of different enhancer trap lines grown on standard media.  
B. Confocal images of different enhancer trap lines grown on 10 μM ABA media. 
Scale bar represents 50 microns.  
C. Heat map illustrating the expression pattern of the various GAL4-VP16/UAS 
enhancer trap lines used in this study. The intensity of green represents GFP 
intensity of the associated UAS::erGFP reporter and a false-colored confocal 





















Figure 16. Epidermis is the important tissue layer for the disruption of 
hydropatterning by ABA. 
 
Quantification of lateral root initiation direction bias of the control genotype and 
various enhancer trap line cross with ProUAS:abi1 F1 seedlings under both standard 
and 10 μM ABA conditions. (n ≥ 12) 
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 

























Figure 17. Cortex, endodermis and lateral root cap-specific expression of abi1-1 
could not rescue the hydropatterning defects caused by ABA.  
 
A. Quantification of lateral root initiation direction bias in two independent 
ProCOR:abi1:RFP and ProSCR:abi1:RFP lines under both standard and 10 μM 
ABA. (n ≥ 18)  
B. Quantification of lateral root initiation direction bias in two independent 
Pro83:abi1:RFP transgenic lines. (n ≥ 20) 
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 

















Figure 18. Phenotypes of ABA-related mutants under standard and ABA 
conditions. 
 
A. Quantification of lateral root initiation direction bias in ABA receptor sextuple 
mutant pyr/pyl112458 grown under both standard and 10 μM ABA conditions. 
The sextuple mutant showed strong resistance to ABA treatment regarding both 
lateral root number and initiation bias.  (n = 20)  
B. The abi2-1 mutant showed no significant differences (n ≥ 8).  
C&D. The NCED genes perform the rate-limiting step in ABA biosynthesis, but have 
no effect on hydropatterning when mutated. (n ≥ 20) 
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 
differences based on Fisher‘s exact test, P value < 0.05 (compare to Col). 
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3.3.4 Transcriptome studies showed the importance of the epidermis tissue in 
response to ABA stimulus in Arabidopsis root 
 
To further identify the epidermis specific genomic target genes involved in 
hydropatterning, we analyzed the effect of ABA induced gene expression changes in 
J2812>>abi1-1 and control F1 seedling roots using RNA-sequencing (RNA-seq). We 
collected and extracted RNA from root tissue from F1 seedlings of the two genotypes 
two days after transferring to either 10μM ABA or standard plates, and constructed 
cDNA libraries using Ribozero depleted RNA. 2x100bp paired-end sequencing was 
done on an Illumina HiSeq 2000.  
 
Using the  Bowtie/Tophat and Cufflink analysis pipline (Trapnell et al., 2013, 2012) 
to identify differentially expressed genes, we found that 3,773 genes were affected by 
ABA treatment in the wild type, while only 1,799 genes (less than half) were 
regulated in the mutant deficient in ABA signaling in the epidermis tissue layer, 
which indicated a reduced ABA response in the mutant. 2,371 ABA regulated genes 
(64%) were dependent on the ABA signaling in the epidermis (Figure 19). After 
eliminating genes with 0 expression value and 3 genes with extremely high 
expression values, PCA analysis based on the expression values of ABA-regulated 
genes across all samples, showed that less variation occurred between the 
transactivation lines under ABA treatment and control conditions than between wild 
type under different conditions (Figure 20). These data indicated that the epidermis is 
a critical target of ABA signaling in the root. Gene Ontology analyses showed that 
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genes associated with response to abscisic acid stimulus (P-value < 1E-10) and 
response to auxin stimulus (P-value < 1E-5) were significantly enriched in the ABA 
responsive gene list (Table 2), which indicates that some ABA responses might work 
through auxin signaling.  
 
ABA-regulated genes in the control genotype (3,773 genes) were then organized into 
7 clusters using the K-means algorithm (Figure 21). GO-term enrichment analysis 
was performed on each cluster to identify the biological functions present in each data 
set. Two clusters (2 and 5) showed highly epidermis-dependent regulation under 
ABA treatment (Figure 21). Cluster 2 was the largest cluster containing 990 genes, 
which were down regulated by ABA only in the wild type and showed strong 
enrichment for genes involved in cell wall modification (P-value < 1E-8). Cluster 5  
genes, which were up-regulated by ABA only in the wild type (Figure 21), were 
enriched for biological functions associated with regulation of hormone level (P-value 
< 1E-3) and response to hormone stimulus (P-value < 1E-3).  
 
Genes present in those two categories are mostly involved in auxin response. Figure 
22 shows a collection of auxin responsive genes transcriptionally regulated by ABA 
treatment and the regulation is highly dependent on the ABA signaling in the 
epidermis tissue. For example TAA1, which encodes a tryptophan aminotransferase 
involved in the auxin biosynthetic pathway, is activated by ABA and strongly 
dependent on ABA signaling in the epidermis. PIN3, an auxin efflux transporter, is 
also transcriptionally regulated in a similar way as TAA1. Due to their important 
89 
 
biological function and intriguing regulation pattern by ABA, these genes might be 
the targets responsible for hydropatterning determination. qRT-PCR validation of a 
subset of these genes showed that ABA induction was also inhibited in the 
J0951>>abi1-1 line (Figure 23A).  Consistent with these results, the auxin-
responsive reporter ProDR5:VENUS-N7 was induced specifically in the LRC and 
epidermis after ABA treatment (Figure 23B, 23C). These data indicate that ABA can 
alter auxin levels through its biosynthesis as well as transport and the epidermis is the 


















Figure 19. ABA response in root is largely dependent on the epidermal tissue 
layer. 
The Venn diagram based on the significantly regulated genes between standard and 
ABA condition in the control versus transactivation line showed that 2,371 genes (out 
of 3,773 total genes regulated by ABA in the control) were dependent on ABA 
signaling in the epidermis tissue layer. 1402 genes, out of 1799 total genes regulated 






























Figure 20. PCA plots of different samples under standard and 10 μM ABA 
conditions.  
Principal component analysis (PCA) plot of the RNA-seq data that characterizes the 
trends exhibited by the expression profiles of the J2812>>abi1-1 transactivation line 
treated with 10μM ABA (dark blue) or grown on standard media (cyan); and the 
control line treated with 10μM ABA(orange) or grown on standard media(yellow). 
Each dot represents a sample and each color represents one type of the sample. The 
two first principal components are plotted with the proportion of variance explained 





Table 2. GO enrichment of ABA regulated genes in the control. 
GO ID Term p value 
GO:0050896 response to stimulus 2.00E-57 
GO:0042221 response to chemical stimulus 3.00E-50 
GO:0006950 response to stress 1.50E-38 
GO:0019748 secondary metabolic process 1.30E-28 
GO:0009628 response to abiotic stimulus 4.90E-28 
GO:0010033 response to organic substance 7.10E-27 
GO:0009719 response to endogenous stimulus 1.00E-24 
GO:0009725 response to hormone stimulus 8.90E-23 
GO:0010035 response to inorganic substance 3.70E-21 
GO:0051707 response to other organism 9.40E-21 
GO:0009415 response to water 3.90E-20 
GO:0009607 response to biotic stimulus 6.90E-20 
GO:0009414 response to water deprivation 6.10E-19 
GO:0044262 cellular carbohydrate metabolic process 4.00E-17 
GO:0034641 cellular nitrogen compound metabolic process 2.90E-16 
GO:0006979 response to oxidative stress 1.30E-15 
GO:0006970 response to osmotic stress 4.70E-15 
GO:0042398 cellular amino acid derivative biosynthetic process 5.30E-15 
GO:0051704 multi-organism process 5.90E-15 
GO:0009698 phenylpropanoid metabolic process 1.00E-14 
GO:0006575 cellular amino acid derivative metabolic process 1.50E-14 
GO:0006725 cellular aromatic compound metabolic process 6.30E-14 
GO:0009699 phenylpropanoid biosynthetic process 9.10E-14 
GO:0009737 response to abscisic acid stimulus 1.30E-13 
GO:0019438 aromatic compound biosynthetic process 1.50E-13 
GO:0009605 response to external stimulus 2.90E-13 
GO:0009266 response to temperature stimulus 2.30E-12 
GO:0009664 plant-type cell wall organization 3.80E-12 
GO:0006519 cellular amino acid and derivative metabolic process 4.70E-12 
GO:0009651 response to salt stress 7.60E-12 
GO:0005975 carbohydrate metabolic process 8.90E-12 
GO:0015833 peptide transport 1.00E-11 
GO:0006857 oligopeptide transport 1.00E-11 
GO:0051234 establishment of localization 1.40E-11 
GO:0006810 transport 1.70E-11 
GO:0051179 localization 1.90E-11 
GO:0009624 response to nematode 2.30E-11 
GO:0009611 response to wounding 2.40E-11 
GO:0006790 sulfur metabolic process 6.40E-11 
GO:0009791 post-embryonic development 9.00E-11 
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GO:0009620 response to fungus 1.20E-10 
GO:0009404 toxin metabolic process 1.90E-10 
GO:0009407 toxin catabolic process 1.90E-10 
GO:0010038 response to metal ion 5.10E-10 
GO:0016137 glycoside metabolic process 5.80E-10 
GO:0009409 response to cold 1.10E-09 
GO:0006952 defense response 1.30E-09 
GO:0050832 defense response to fungus 1.70E-09 
GO:0006629 lipid metabolic process 3.70E-09 
GO:0042545 cell wall modification 4.60E-09 
GO:0016143 S-glycoside metabolic process 7.70E-09 
GO:0019757 glycosinolate metabolic process 7.70E-09 
GO:0019760 glucosinolate metabolic process 7.70E-09 
GO:0044272 sulfur compound biosynthetic process 9.90E-09 
GO:0034637 cellular carbohydrate biosynthetic process 1.70E-08 
GO:0016051 carbohydrate biosynthetic process 2.40E-08 
GO:0009416 response to light stimulus 2.60E-08 
GO:0009314 response to radiation 3.00E-08 
GO:0044271 cellular nitrogen compound biosynthetic process 4.40E-08 
GO:0008152 metabolic process 4.60E-08 
GO:0065008 regulation of biological quality 9.00E-08 
GO:0043436 oxoacid metabolic process 1.20E-07 
GO:0019752 carboxylic acid metabolic process 1.20E-07 
GO:0006082 organic acid metabolic process 1.30E-07 
GO:0046686 response to cadmium ion 1.70E-07 
GO:0042180 cellular ketone metabolic process 1.90E-07 
GO:0015674 di-, tri-valent inorganic cation transport 2.30E-07 
GO:0006855 multidrug transport 2.50E-07 
GO:0016138 glycoside biosynthetic process 3.00E-07 
GO:0009886 post-embryonic morphogenesis 3.40E-07 
GO:0010200 response to chitin 3.80E-07 
GO:0006793 phosphorus metabolic process 5.40E-07 
GO:0015893 drug transport 5.60E-07 
GO:0009743 response to carbohydrate stimulus 6.00E-07 
GO:0042493 response to drug 7.30E-07 
GO:0032787 monocarboxylic acid metabolic process 7.70E-07 
GO:0006796 phosphate metabolic process 7.90E-07 
GO:0009753 response to jasmonic acid stimulus 8.20E-07 
GO:0006468 protein amino acid phosphorylation 1.30E-06 
GO:0018130 heterocycle biosynthetic process 2.10E-06 
GO:0006811 ion transport 2.20E-06 
GO:0048878 chemical homeostasis 2.20E-06 
GO:0009733 response to auxin stimulus 2.30E-06 
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GO:0070887 cellular response to chemical stimulus 2.60E-06 
GO:0030001 metal ion transport 2.60E-06 
GO:0051716 cellular response to stimulus 3.50E-06 
GO:0016144 S-glycoside biosynthetic process 3.70E-06 
GO:0019758 glycosinolate biosynthetic process 3.70E-06 
GO:0019761 glucosinolate biosynthetic process 3.70E-06 
GO:0009739 response to gibberellin stimulus 3.90E-06 
GO:0044248 cellular catabolic process 4.50E-06 
GO:0046483 heterocycle metabolic process 4.90E-06 
GO:0016052 carbohydrate catabolic process 4.90E-06 
GO:0006826 iron ion transport 4.80E-06 
GO:0007242 intracellular signaling cascade 5.20E-06 
GO:0009617 response to bacterium 7.50E-06 
GO:0032870 cellular response to hormone stimulus 8.10E-06 
GO:0009755 hormone-mediated signaling pathway 8.10E-06 
GO:0044275 cellular carbohydrate catabolic process 8.60E-06 
GO:0009828 plant-type cell wall loosening 1.40E-05 
GO:0010817 regulation of hormone levels 1.40E-05 
GO:0016310 phosphorylation 1.60E-05 
GO:0048522 positive regulation of cellular process 1.80E-05 
GO:0042742 defense response to bacterium 1.80E-05 
GO:0046394 carboxylic acid biosynthetic process 2.20E-05 
GO:0016053 organic acid biosynthetic process 2.20E-05 
GO:0009808 lignin metabolic process 2.50E-05 
GO:0005976 polysaccharide metabolic process 2.50E-05 
GO:0048518 positive regulation of biological process 2.70E-05 
GO:0015698 inorganic anion transport 2.70E-05 
GO:0009738 abscisic acid mediated signaling pathway 2.80E-05 
GO:0044042 glucan metabolic process 3.50E-05 
GO:0006066 alcohol metabolic process 3.80E-05 
GO:0043687 post-translational protein modification 4.30E-05 
GO:0009812 flavonoid metabolic process 4.50E-05 
GO:0050801 ion homeostasis 4.50E-05 
GO:0016139 glycoside catabolic process 4.90E-05 
GO:0031407 oxylipin metabolic process 5.10E-05 
GO:0031325 positive regulation of cellular metabolic process 5.10E-05 
GO:0000041 transition metal ion transport 5.30E-05 
GO:0009827 plant-type cell wall modification 5.60E-05 
GO:0009893 positive regulation of metabolic process 6.10E-05 
GO:0008643 carbohydrate transport 6.30E-05 
GO:0008610 lipid biosynthetic process 6.40E-05 
GO:0006631 fatty acid metabolic process 7.50E-05 
GO:0006073 cellular glucan metabolic process 7.70E-05 
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GO:0007167 enzyme linked receptor protein signaling pathway 8.00E-05 
GO:0007169 transmembrane receptor protein tyrosine kinase signaling 
pathway 
8.00E-05 
GO:0009408 response to heat 8.20E-05 
GO:0009813 flavonoid biosynthetic process 8.30E-05 
GO:0006812 cation transport 9.30E-05 
GO:0044238 primary metabolic process 9.50E-05 
GO:0044273 sulfur compound catabolic process 9.50E-05 
GO:0003824 catalytic activity 1.60E-43 
GO:0016491 oxidoreductase activity 1.40E-23 
GO:0016740 transferase activity 6.90E-22 
GO:0005215 transporter activity 3.50E-21 
GO:0016757 transferase activity, transferring glycosyl groups 2.70E-19 
GO:0022804 active transmembrane transporter activity 4.30E-19 
GO:0022857 transmembrane transporter activity 3.80E-18 
GO:0016798 hydrolase activity, acting on glycosyl bonds 1.20E-16 
GO:0015291 secondary active transmembrane transporter activity 4.90E-16 
GO:0016209 antioxidant activity 6.50E-16 
GO:0016684 oxidoreductase activity, acting on peroxide as acceptor 2.70E-14 
GO:0004601 peroxidase activity 2.70E-14 
GO:0016758 transferase activity, transferring hexosyl groups 4.70E-14 
GO:0008194 UDP-glycosyltransferase activity 4.60E-13 
GO:0019825 oxygen binding 5.10E-13 
GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds 1.80E-12 
GO:0046527 glucosyltransferase activity 1.90E-12 
GO:0016787 hydrolase activity 6.70E-12 
GO:0015075 ion transmembrane transporter activity 2.50E-11 
GO:0022892 substrate-specific transporter activity 3.60E-11 
GO:0022891 substrate-specific transmembrane transporter activity 8.40E-11 
GO:0020037 heme binding 3.40E-10 
GO:0035251 UDP-glucosyltransferase activity 6.50E-10 
GO:0004364 glutathione transferase activity 1.10E-09 
GO:0015294 solute:cation symporter activity 1.20E-09 
GO:0015293 symporter activity 1.50E-09 
GO:0046906 tetrapyrrole binding 1.80E-09 
GO:0008324 cation transmembrane transporter activity 2.20E-09 
GO:0005506 iron ion binding 8.60E-09 
GO:0016762 xyloglucan:xyloglucosyl transferase activity 1.60E-08 
GO:0016301 kinase activity 2.00E-08 
GO:0009055 electron carrier activity 3.80E-08 
GO:0016765 transferase activity, transferring alkyl or aryl (other than 
methyl) groups 
4.80E-08 
GO:0005402 cation:sugar symporter activity 1.10E-07 
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GO:0005351 sugar:hydrogen symporter activity 1.10E-07 
GO:0015295 solute:hydrogen symporter activity 1.10E-07 
GO:0051119 sugar transmembrane transporter activity 1.30E-07 
GO:0015144 carbohydrate transmembrane transporter activity 3.10E-07 
GO:0015297 antiporter activity 3.80E-07 
GO:0046943 carboxylic acid transmembrane transporter activity 9.40E-07 
GO:0005342 organic acid transmembrane transporter activity 9.40E-07 
GO:0005507 copper ion binding 9.90E-07 
GO:0015238 drug transmembrane transporter activity 1.40E-06 
GO:0005199 structural constituent of cell wall 1.80E-06 
GO:0016829 lyase activity 2.80E-06 
GO:0016772 transferase activity, transferring phosphorus-containing 
groups 
4.20E-06 
GO:0004175 endopeptidase activity 4.60E-06 
GO:0004190 aspartic-type endopeptidase activity 6.00E-06 
GO:0070001 aspartic-type peptidase activity 6.00E-06 
GO:0016705 oxidoreductase activity, acting on paired donors, with 
incorporation or reduction of molecular oxygen 
7.90E-06 
GO:0008471 laccase activity 9.40E-06 
GO:0042626 ATPase activity, coupled to transmembrane movement of 
substances 
1.30E-05 
GO:0043492 ATPase activity, coupled to movement of substances 1.30E-05 
GO:0016820 hydrolase activity, acting on acid anhydrides, catalyzing 
transmembrane movement of substances 
1.60E-05 
GO:0016682 oxidoreductase activity, acting on diphenols and related 
substances as donors, oxygen as acceptor 
5.00E-05 
GO:0005275 amine transmembrane transporter activity 8.00E-05 
GO:0004497 monooxygenase activity 8.70E-05 
GO:0016020 membrane 2.40E-34 
GO:0005886 plasma membrane 4.20E-29 
GO:0030312 external encapsulating structure 9.70E-27 
GO:0005618 cell wall 1.40E-26 
GO:0044464 cell part 4.20E-22 
GO:0005623 cell 4.20E-22 
GO:0009505 plant-type cell wall 2.80E-16 
GO:0005773 vacuole 6.00E-16 
GO:0031225 anchored to membrane 1.30E-12 
GO:0031224 intrinsic to membrane 2.30E-10 
GO:0005576 extracellular region 1.90E-06 
GO:0005737 cytoplasm 7.70E-06 
GO:0005774 vacuolar membrane 8.80E-06 
GO:0044437 vacuolar part 1.80E-05 

















Figure 21. K-means clusters for ABA regulated genes in the control genotype. 
Relative gene expression profiles for 7 clusters generated by K-means clustering 
method. Cluster 2 contains 990 ABA down-regulated genes and is the largest cluster. 
The regulation depends on signaling in the epidermis layer. Cluster 5 contains 397 




































Figure 22.  Regulation of many auxin related genes is dependent upon epidermal 
ABA signaling.  
 
Gene expression levels of ABA regulated auxin related genes were examined on 
control genotype and J2812>>abi1 transactivation line based on RNA-seq results. 

































Figure 23. Regulation of the auxin pathway by ABA.   
A. qPCR experiment on three biological replicates were performed to examine the 
expression of auxin-biology related genes in response to treatment of roots with 
10 μM ABA in both J2812>>abi1-1 and J0951>>abi1-1 transactive lines. 
B. Confocal images of roots after transfer to standard conditions or medium 
supplemented with 10 μM ABA.  Note the induction of the ProDR5:VENUS-N7 
reporter expression in the LRC and epidermis, which was quantified in C.   
Scale bar represents 50 microns. Error bars indicate SEM. Asterisks mark significant 
differences based on Student‘s T-test, P-value < 0.05. 
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3.3.5 TAA1 is locally induced by moisture and promotes hydropatterning  
 
TAA1 was one of the potential targets identified in our RNA-seq experiment. To first 
validate the RNA-seq results, we characterized its expression pattern under normal 
and ABA treatment conditions using TAA1:GFP-TAA1 (Stepanova et al., 2008).  We 
found TAA1 expression in the lateral root cap region was higher on the agar side than 
the air side and at the same level on both sides in the epidermis region under normal 
conditions (Figure 24), which suggested a potential difference in auxin levels between 
the two root sides. Under ABA treatment, the overall TAA1 expression was higher, 
especially in the epidermis region (Figure 24), which correlated with the RNA-seq 
results that TAA1 was transcriptionally up-regulated by ABA. Intriguingly, TAA1 
showed no significant difference between the two root sides under ABA treatment.  
 
Since TAA1 plays important roles in auxin biosynthesis and previous studies showed 
a reduced auxin level in wei8 mutants (Stepanova et al., 2008; Tao et al., 2008), we 
wanted to know whether there were also changes in the auxin response in the mutant. 
To address this question, ProDR5:erGFP expression was examined in the wild type 
and wei8 mutant. Under normal condition, ProDR5:erGFP showed lower expression 
in both columella and lateral root cap region in wei8-1 (Figure 25) compared to wild 
type, which indicated a decreased auxin response in the mutant. When treated roots 
with ABA, ProDR5:erGFP showed a general increase in expression and this increase 
was more obvious in the lateral root cap region (Figures 25A and 25B). However, no 
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increase could be observed in the wei8 mutant background, which suggested the 
important function of TAA1 in elevating auxin signaling after ABA treatment.  
 
To investigate the function of TAA1 in the hydropatterning process, we analyzed taa1 
mutants (wei8-1 and sav3-2) phenotype (Figure 26). Under normal growth condition, 
both mutants showed significant defects in the hydropatterning process, with less 
lateral roots growing on the agar side compared to the wild type. The mutant defect 
could be rescued by ubiquitously expressing TAA1 throughout the root (UBQ10-TAA1) 
or specifically in the epidermis (WER-TAA1) (Figure 27). These results suggest that 
while TAA1 expression is necessary for proper hydropatterning, differential induction 




















Figure 24. TAA1 is up-regulated by ABA and moisture. 
A. Maximum z stacks projection images of different stack series of 
ProTAA1:GFP:TAA1 in the root meristem and early enlongation region on both 
air and agar sides grown under standard and 10 μM ABA conditions..  
B. Quantification of relative GFP fluorescence intensity of maximum z stacks 
projection images of ProTAA1:GFP:TAA1 under standard and 10 μM ABA 
conditions. (n ≥ 8)   


















Figure 25. Auxin response is up-regulated by ABA and the regulation is TAA1 
dependent.  
 
A. Confocal images of ProDR5:erGFP in root meristem region of both wild type 
and wei8 mutant grown on standard and 10 μM ABA conditions. 
B. Quantification of relative GFP fluorescence intensity of ProDR5:erGFP in the 
lateral root cap region of both wild type and wei8 grown on standard and 10 μM 
ABA conditions. (n ≥ 8)  


























Figure 26. Hydropatterning defects in TAA1 mutants. 
Quantification of lateral root initiation direction bias in wild type, wei8-1 and sav3-2 
seedlings grown under standard condition. (n ≥ 20) 
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 



















Figure 27.  Ectopic expression of TAA1 in the root rescues hydropatterning 
defects in TAA1 mutant.  
 
A. Quantification of lateral root initiation direction bias in wei8-1 mutant and three 
independent ProWER:TAA1 transgenic lines in wei8-1 background. (n ≥ 20)  
B. Quantification of lateral root initiation direction bias in wei8-1 mutant and two 
independent ProUBQ10:TAA1 transgenic lines in wei8-1 background. (n ≥ 20) 
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 
differences based on Fisher‘s exact test, P value < 0.001 (compare to Col) . 
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3.3.6 Moisture locally promotes auxin biosynthesis and response 
 
The biased TAA1 expression in the lateral root cap region under normal conditions 
(Figure 24) suggested a bias in auxin levels within the roots in response to the local 
asymmetrical environment. We showed there was less moisture on the agar surface 
on 3% agar media than 1% media (Figure 6). To determine whether auxin levels 
correlated with the local moisture environment, we quantified IAA levels in whole 
roots growing on 1% and 3% agar media using LC/MS (Figure 28). It revealed a 
decreased IAA level in roots growing on 3% agar media, which represent a drier 
environment for the root with less moisture on the surface. IAA levels in the roots 
were correlated with moisture levels present in the local environment. This data 
indicated the local moisture could induce auxin biosynthesis.  
 
We next asked whether the auxin response was regulated in a similar way. Therefore 
we characterized the expression pattern of the auxin reporters ProDR5:erGFP,DII-
VENUS in Arabidopsis and ProDR5:GUS in rice. When growing the ProDR5:erGFP  
seedling on 1% agar, we observed a higher fluorescence signal in the lateral root cap 
region than those grown on 3% agar media (Figure 29), which suggested a higher 
auxin response in roots growing on media containing a lower agar concentration. DII-
VENUS, an auxin reporter in Arabidopsis that shows higher fluorescence in cells with 
low levels of auxin also showed lower expression levels in roots grown on 1% agar 
medium (Figure 30). When growing rice roots along the media surface, we observed 
an asymmetrical staining pattern of ProDR5:GUS with expression only present in the 
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half of the root that contacted agar (without aerenchyma). In contrast, a submerged 
root showed a uniform staining pattern (Figure 31). These data suggest that moisture 


















Figure 28. Moisture increases auxin level in roots.  
Quantification of IAA amount in wild type roots tissue grown on media containing 
different agar concentrations. (n=3) Data are averaged based on three biological 
samples.  
Error bars indicate standard error of the mean (SEM).  Asterisks mark significant 































Figure 29. Moisture increases ProDR5:erGFP levels. 
A. Confocal images of ProDR5:erGFP root grown on 1% and 3% agar media. Scale 
bar represents 50 microns. B. Quantification of fluorescence intensity in the lateral 
root cap region of ProDR5:erGFP roots grown on 1% and 3% agar media. (n ≥ 9) 
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 



























Figure 30. Moisture decreases DII:VENUS levels.  
A. Maximum z stacks projection images of series of DII:VENUS in the root 
meristem and early elongation region of seedling grown on 1% and 3% agar. 
Scale bar represents 50 microns.  
B. Quantification of relative fluorescence intensity of maximum z stacks projection 
images of DII:VENUS seedling grown on 1% and 3% agar media. (n ≥ 6)  
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 


















Figure 31. Moisture locally induces auxin response.  
White field images of rice root cross sections showing the staining pattern of 
ProDR5:GUS reporter in rice roots grown on agar surface (left panel) and submerged 
(right panel). Blue staining is present only one side of the root when growing on agar 
surface and the staining is present in the whole root when submerged. (data generated 




3.3.7 Auxin transport is critical for hydropatterning determination and ground 
tissue layers are important for auxin signaling 
 
To confirm that auxin is in fact involved in determining lateral root hydropatterning, 
we attempted to disrupt hydropatterning by supplying exogenous auxin to wild type 
seedlings. Surprisingly, the freely transportable form of auxin, IAA, could not cause 
any significant defect in hydropatterning (Figure 32A), while a non-transportable 
form of auxin (cannot be transported by auxin efflux carrier), 2,4-D  could disrupt 
hydropatterning at very low levels. 20 nM 2,4-D could increase the lateral roots 
number on the air side and reduce that on the agar side (Figure 32B). These results 
indicate that the ability of cells to transport auxin is important in determining the 
process.  
 
To further test the importance of auxin transportation in determining the 
hydropatterning process, we characterized mutants defective in auxin transport. 
Pro35s:PIN1, an over-expression transgenic line of an auxin efflux carrier showed 
strong defects in lateral root hydropatterning (Figure 33A). pin3-4 and triple mutant 
pin2/3/7 showed significant defects in hydropatterning process (Figure 33B). 
However, not all the pin mutants showed changes in the hydropatterning phenotype 
(Figure 34). Interestingly, PIN3 was another target gene identified in our RNA-seq 
results and the GUS staining result of ProPIN3:GUS reporter showed that PIN3 
expression was higher in collumella and endodermis in the meristem region as well as 
the maturation region when grown on 10 μM ABA media compared to those grown 
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on standard media (Figure 35). This result suggested that PIN3 could be 
transcriptionally induced by ABA treatment which aslo correlated with our RNA-seq 
results.  
 
PIN3 has been recently characterized as an important regulator in auxin accumulation 
in the endodermis, helping founder cells to progress during lateral root initiation 
(Marhavý et al., 2013). To understand whether PIN3 also functioned in endodermis to 
regulate hydropatterning, we characterized the phenotype of the ProSCR:PIN3-YFP 
transgenic line. We observed that no difference between ProSCR:PIN3-YFP 
transgenic line and the wild type in lateral root distribution bias under standard 
growth condition (Figure 36), suggesting that the hydropatterning defects in pin3-4 
could be rescued by endodermal expression of PIN3. This result also suggested that 
PIN3 expression in the endodermal tissue might be regulated by moisture. However, 
the confocal images of ProSCR:PIN3:YFP did not show any bias between the two 
sides. We also investigated the ProPIN3:PIN3:GFP endogenous promoter reporter 
lines, and did not observe any obvious difference in the endodermal layer between the 
two sides. However, we did observe fluorescent signal in cortex cell overlaying 
founder cells and early-stage lateral root primordia on the agar side (Figure 37A). By 
using the nuclear localized auxin response reporter ProDR5:N7:Venus, we could 
identify the developmental stage of a lateral root primordia, and correlated that with 
the cortex cell expression of ProPIN3:PIN3:GFP. We observed a strong bias of early 
lateral root primordia developing towards the agar side (3.2 LRP on the agar side vs 
0.5 LRP on the air side per PR) (Figure 38), which was similar with our previous 
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observation with PromiR390a:GFP (Figure 11B). The cortex expression of PIN3 was 
strongly correlated with the development of lateral root primordia on the agar side but 
not with primordia on the air side (Figure 37A). The cortex expression could be 
strongly inhibited by ABA treatment (Figure 37B), suggesting disrupted auxin 
localization under ABA treatment. These data suggest that moisture can promote 
auxin transport through PIN3 and guide the lateral root hydropatterning process. 
 
We next asked whether auxin affected hydropatterning in a tissue specific manner. To 
address that question, we again utilized the GAL4-VP16/UAS enhancer trap system 
(Kiegle et al., 2000; Ubeda-Tomás et al., 2008) to drive tissue-specific expression of 
AXR3-1, which semi-dominantly suppresses auxin signaling (Leyser et al., 1996; 
Ouellet et al., 2001). Six different enhancer lines were used to cover all tissue types in 
the root. To determine whether the tissue-specific expression of axr3-1 could lead to 
any hydropatterning defects under normal growth condition, we used F1 seedlings 
generated by crosses between a UAS-axr3-1 transgenic plant and various enhancer 
trap lines. Three independently crossed lines (J0951>>axr3-1J0571>>axr3-1) 
showed a significant difference compared to the control genotype and the ground 
tissue specific line J0571>>axr3-1showed the strongest defects in hydropatterning 
(Figure 39). (The primary roots of Q2500>>axr3-1 did not grow and no LR were 
observed in J0121>>axr3-1) This result again indicates the importance of ground 




Together these results suggest that auxin is the primary hormone involved in 
determining hydropatterning process and its transportation in the ground tissue is 
critical to establish the local biased auxin distribution and help to establish the new 



















Figure 32.  A non-transportable form of auxin disrupts hydropatterning. 
A. Quantification of lateral root initiation direction bias in wild type seedlings 
grown on standard media and media containing various concentrations of IAA. (n 
≥ 20)  
B. Quantification of lateral root initiation direction bias in wild type seedlings 
grown on standard media and media containing various concentrations of 2,4-D 
(n ≥ 21). Error bars indicate standard error of the mean (SEM). Asterisks mark 
significant differences based on Fisher‘s exact test, P value < 0.001 (compare to 















Figure 33. Auxin transporter mutants phenotype. 
A. Quantification of lateral root initiation direction bias in wild type and 
Pro35s:PIN1 seedlings grown under standard condition. (n = 22)  
B. Quantification of lateral root initiation direction bias in wild type, pin3-4 and 
pin2/3/7 seedlings grown under standard condition. (n = 20)  
Error bars indicate standard error of the mean (SEM). Asterisks mark significant 
































Figure 34. Other auxin transport mutants phenotype.  
The pin1 (A), pin4, pin5 (B) ，pin2 (C) and lax3 (E) mutants have no effect on 
hydropatterning. The pin7 mutant causes a modest defect (B) and the defect was 
enhanced in pin3/7 (D). 
Error bars indicate SEM. Asterisk marks significant difference based on Fisher‘s 

















Figure 35. PIN3 is transcriptionally induced by ABA. 
White field image of GUS staining results of ProPIN3:GUS primary roots grown on 
standard and 10 μM ABA media for 2 days after transfer. The staining pattern 
remains the same under those two conditions, but the staining is increased in root 















Figure 36. Endodermal expression of PIN3 can rescue hydropatterning defect of 
pin3-4.   
 
Quantification of lateral root initiation direction bias in wild type and Pro35s:PIN1 
seedlings grown under standard conditions. (n = 20) Error bars indicate standard error 
of the mean (SEM).  Asterisks mark significant differences based on Fisher‘s exact 




















Figure 37. Moisture induced cortex expression of PIN3.  
Confocal image of ProPIN3:PIN3:GFP (green) in the cortex cells and 
ProDR5:N7:VENUS (cyan) in the pericycle cells on both air and agar sides of roots 



















Figure 38. PIN3 expression in cortex cells was associated with early-stage lateral 
root primordia.  
 
Quantifications of ProDR5:N7:VENUS marked lateral root primordia initiation 
direction bias on seedlings grown on standard condition. ( n = 9) Error bars indicate 



















Figure 39. Tissue specific effect of auxin on hydropatterning determination.  
Quantification of lateral root initiation direction bias of the control genotype and 
various enhancer trap lines crossed with ProUAS:axr3-1 F1 seedlings under standard 
conditions. (n ≥ 19) Error bars indicate standard error of the mean (SEM). Asterisks 







We report an interesting and fundamental phenomenon, hydropatterning, where 
lateral root patterning is determined by moisture on the circumferential axis. Our 
work reveals a previously uncharacterized dimension-- the circumferential axis, along 
which lateral root patterning occurs, and we show that differences in the environment 
across this axis provide cues that determined the position of lateral roots. We also 
demonstrate that different tissue types in the root interact with each other responding 
to environmental stimuli to determine new organ development. The environmental 
stimuli such as water potential are sensed through the outer tissue, the epidermis. The 
signal is then transducted into cortical tissue through regulation of expression of the  
auxin transporter PIN3 to locally change auxin level and finally affect founder cell 
development in the pericylce cells along the circumferential axis. ABA, a stress 
responsive hormone can disrupt hydropatterning through signaling in the epidermis 
and ABA signaling in the epidermis somehow can then disrupt local auxin transport 
and response in the inner tissue layers. However, endogenous ABA is not required in 
determining hydropatterning under normal growth conditions, suggesting that there 
are other mechanisms involved.  
 
3.4.1 Environmental stimuli act as a cue for new organ formation 
 
Plants are subject to many environmental stimuli in nature, such as light, water, 
nutrients, gravity and touch. Plants are able to perceive and respond to different 
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environmental stimuli which is how different tropisms were discovered. In order to 
study the mechanisms of how plants respond to different stimuli, various highly 
stressed conditions were applied to plants. The heterogeneity of normal tissue culture 
growth condition and its effects on plants growth has often been overlooked. We 
demonstrate that plants are more sensitive to environmental changes than we had 
thought and the local heterogeneous environment in a tissue culture plate causes 
several root morphological changes. When grown on the agar surface, roots are 
exposed to a heterogeneous environment, with one side exposed to air and the other 
contacting the agar and surrounded by a thin film of water on the surface. LRs were 
mostly initiated towards the agar side while root hair is only observed on the air side 
and aerenchyma in rice and anthocyanins in maize are also only present on the air 
side. These phenomena have not yet been described.  
 
The physiological differences between the two root sides include difference in water 
potential, oxygen content, nutrient availability as well as mechanical touch. Changes 
in different nutrient availability cause distinct effects on lateral root development 
(López-Bucio et al., 2003; Osmont et al., 2007), but have little effect on 
hydropatterning. Hydropatterning was observed in Arabidopsis seedlings grown on 
media containing only agar and in maize roots grown on germination paper soaked in 
water. Physical bending of the primary root could induce lateral root formation 
(Ditengou et al., 2008; Richter et al., 2009) suggesting that touching as another form 
of mechanic force might also guide new organ formation. Osmotic stress has been 
shown to inhibit lateral root formation (Deak and Malamy, 2005; Qi et al., 2007) and 
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our maize work also demonstrates that differences in water potential can induce a bias 
in lateral root development, which indicates the importance of moisture in 
determining lateral root developmental bias. However, we cannot fully separate 
moisture effect from touch and oxygen availability since moisture application reduces 
oxygen availability and is also a form of touch to the root.  
 
3.4.2 Mechanisms underlying lateral root development 
 
LR development is a well-characterized biological process in plants. It starts with a 
pair of founder cells specified in the pericycle.  Founder cells undergo several rounds 
of anticlinal division to create a lateral root primordium, which will further divide and 
break through the endodermis, cortex, epidermis and emerge from the PR (Péret et al., 
2009b, 2009a; Malamy and Benfey, 1997). Auxin is the primary hormone guiding LR 
development and its oscillation correlates with lateral root founder cell specification 
along the longitudinal axis (Casimiro et al., 2003; Moreno-Risueno et al., 2010; 
Marhavý et al., 2013). ABA has been found to negatively regulate this process (De 
Smet et al., 2003; Fukaki and Tasaka, 2009). Several environmental stimuli are also 
thought to affect LR development: high nitrate and water stress can repress lateral 
root development while low phosphate can promote lateral root density.  
 
How endogenous hormone signaling and environmental signaling are integrated 
together to determine LR development is largely unknown. The LR phenotype is 
often described regarding only the LR density and number. The initiation orientation 
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along the circumferential axis is often overlooked. The whole root architecture is also 
largely determined by the LR growth direction, which is highly dependent on 
initiation patterns across the circumferential axis. In this study, we carefully 
examined the LR initiation direction relative to the local asymmetric environment on 
agar and found that moisture could cause strong biases in LR initiation. Our data 
suggest that environmental stimuli such as moisture help to determine founder cell 
identity in the radial axis while endogenous auxin determines the pattern along the 
longitudinal axis.  
 
3.4.3 Cell type-specific effects of different hormones involved in hydropatterning 
 
The Arabidopsis root has a simple elegant structure and contains five different layers, 
with lateral root cap as the outermost layer, followed by the epidermis, cortex, 
endodermis and the stele, which consists of the pericycle and vascular tissues. 
Different tissues undergo different metabolic processes (Moussaieff et al., 2013) and 
distinct functions in different biological processes. For example, different root cell 
types exhibit different dynamic calcium response to cold stress, osmotic stress and 
salt stress conditions(Kiegle et al., 2000). The root cap and epidermis are the 
outermost tissue layers and are thought to be the region for sensing and responding to 
gravity and moisture stimuli (Swarup et al., 2005; Kaneyasu et al., 2007; Takahashi et 
al., 2009; Takahashi and Scott, 1993). The stele is where vascular tissues are located 
and is responsible for nutrient and water transport. The pericycle is also the part of the 
stele where new organs are initiated. Gibberellins, key regulators of plant growth and 
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development, target the endodermis to regulate root growth (Ubeda-Tomás et al., 
2008). In addition, the endodermis is where ABA regulates lateral root growth under 
high saline stress (Duan et al., 2013). Here we have found that the epidermis is the 
target tissue layer for ABA to affect hydropatterning, which again indicates the 
importance of the epidermis in sensing environmental stress. Stress signaling may 
then regulate the auxin transporter—PIN3 in the inner cortical tissue layer and affect 
LR initiation decisions in the pericyle. Our data provide some evidence to understand 
how environmental signaling is sensed and transducted into the inner tissues to affect 

















Hydrotropism is a plant response in which the direction of growth is determined by a 
moisture gradient. The process is thought to be initiated at the root tip, which senses 
water and then sends a signal to the elongating part of the root. In this part, we 
describe a GFP-reporter line (ProNCED2:erGFP), which showed asymmetric 
expression in lateral root cap cells when grown on tissue culture plates and whose 
expression was only present in the region exposed to air (the relative dry side). The 
expression of the reporter was stronger when grown on medium containing higher 
concentration agar and suppressed if the root was submerged in liquid. These results 
suggested that the gene (NCED2) was involved in sensing drought/moisture. This 
gene encodes a 9-cis-epoxycarotenoid dioxygenase, which performs the rate-limiting 
step in the biosynthesis of ABA, an important hormone involved in many plant 
developmental processes, especially in plants‘ response to drought. The expression 
pattern of this gene indicated that asymmetric production of ABA in the root might be 
involved in sensing local differences in moisture. We utilized fluorescence-activated 
cell sorting (FACs) to collect root cap cells exposed to different moisture condition 
and surveyed global differences in gene expression using microarrays. The data 
showed that several members of the CCD gene family showed enriched expression on 
the dry side of the root cap. These indicated that the environment may locally regulate 







Unlike most animals, plants are immobile. Plants do not have the ability to relocate, 
when the environment changes. In order to survive, plants can alter their growth 
direction and grow into more favorable environments to absorb what they need. 
Plants have developed ways to obtain water and nutrients, mainly through their roots. 
Besides absorption of water and inorganic nutrients from soil, plant roots also play 
important roles in anchoring the plant body to the ground as well as storing food and 
nutrients.  
 
During plant development, root growth is directed by various signals, including 
gravity, light, water (moisture gradients), touch (mechanical stimuli), temperature, 
and chemicals. The growth direction of plants largely depends on the surrounding 
environments and the phenomenon of growth of the plant organ relative to 
environmental stimuli is termed tropism. A commonly observed tropic response in 
plants is phototropism, in which the shoot stems grow towards light. Another 
commonly observed tropic response is gravitropism, where plants grow relatively to 
the direction of gravity. Water also plays important roles in plants: it serves as a 
medium for nutrient transportation, and also a substrate for photosynthesis, 
respiration, and maintaining turgor pressure in various plant organs. The plant root 
can adjust its growth direction towards regions of soil with higher moisture content, 
which is a process known as hydrotropism. This is extremely essential to most plants. 
However, many of these tropism mechanisms are still elusive.  
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More recently, it has been found that the root cap, which acts as a protective sheath 
surrounding the stem-cell population, is primarily responsible for these activities 
(Swarup et al., 2005).  The root cap can be roughly divided into the columella, 
present at the very tip of the root and the lateral root cap (LRC).  During gravitropism, 
cells of the columella directly sense the gravity vector and transmit this signal via the 
polar transport of the hormone, auxin, to the LRC on the basal side (Friml et al., 
2002).  Polar transport of auxin continues through the LRC to the epidermis of the 
elongation zone of the root, where it inhibits cell elongation (Swarup et al., 2005).  
Differences in cell elongation rates between the basal and apical sides cause the root 
to bend and reorient along the gravity vector. 
 
Moisture gradients are also sensed by the root tip and can direct growth (Takahashi et 
al., 2009).  Experimentally, moisture gradients can be established by various 
approaches.  These gradients lead to the redirection of growth towards regions of the 
environment with higher relative moisture.  The mechanisms responsible for defining 
the side of the root with higher relative moisture are unclear.  The first gene necessary 
for hydrotropism to be cloned was MIZ1 (Kobayashi et al., 2007).  While miz1 
mutants show a severe hydrotropism defect, it is not clear whether MIZ1 activity is 
regulated by moisture. In this study, we try to explore how water is being sensed in 






4.3.1 ProNCED2:erGFP displayed a unique asymmetric expression pattern in 
the LRC depending on air exposure 
 
The ProNCED2:erGFP reporter was constructed using a 3 kb genomic fragment 
cloned from the 5‘ non-coding region of the NCED2 gene that was transcriptionally 
fused to ER-localized GFP. This reporter had a very unique expression pattern on 
only one side of the lateral root cap (Figure 40A). Initial examination of the reporter 
revealed that expression in the LRC was highly variable between roots and often 
presented an asymmetric pattern with GFP expression marking the LRC only on one 
side of the root. As mentioned before, the root cap plays a very important role in 
perceiving moisture and the gravity stimulus. We hypothesized that the reporter might 
be involved in sensing gravity or moisture. In order to identify the cause for the 
asymmetric expression, we developed an imaging method as described in the Material 
and Methods section. By rotating the plate where seedlings growing vertically, under 
the stimulation of gravity, the root would make a 90-degree bend. This bend helped to 
identify which side of the root was being imaged under the microscope. If the root 
was placed on the slide in the same orientation that it had while growing on the plate, 
then we imaged the side which was exposed to the air; otherwise, we imaged the side 
of the root contacting agar. Figure 40B shows that the fluorescence signal was only 
present on the air side and not on the agar side, and quantification of these data 
showed that there was a significant higher level fluorescence signal on the air side 
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than on the agar side of roots. This data suggested that the reporter might be involved 
in sensing moisture.  
 
To further test this hypothesis, we imaged roots grown on media containing higher 
agar concentrations. The moisture on the surface of the agar surrounding the roots 
decreased as agar concentrations increased from 1% to 3% (Figure 6). The roots had 
the highest GFP fluorescence intensity when growing on 3% agar, and had the lowest 
GFP intensity on 1% agar (Figure 41). Besides the increased intensity, we also 
observed an expansion of the GFP expression area in the root cap as the agar 
concentration increased (Figure 41A). Growth of roots into the agar led to a strong 
reduction in ProNCED2:erGFP expression while growth into the air greatly 
expanded and increased the level of expression (Figure 42A).  To test whether contact 
of LRC cells with liquid, or the agar surface itself suppressed ProNCED2:erGFP 
expression, we fully immersed roots briefly in a liquid environment. The expression 
of ProNCED2:erGFP was strongly suppressed whether this liquid contained media 
constituents or was composed of only water (Figure 42).   
 
We also grew the reporter in soil and varied the amount of water in the pots. We 
observed that fluorescence expression increased under water limiting conditions 
(Figure 43).  Furthermore, expression in the lateral root cap was highly variable 
between roots, indicating that the heterogeneity in moisture simulated in our tissue 
culture environment was also present in a soil context as well (Figure 43).  To our 
knowledge, ProNCED2:erGFP was the first reporter for local moisture in the 
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environment. Expression in the LRC was either activated by contact with air or 
suppressed by contact with liquid, though these possibilities are not mutually 
exclusive.  In addition, there are still other possibilities causing asymmetric 



















Figure 40. Unique asymmetric expression of ProNCED2:erGFP in the lateral 
root cap contacting air.  
 
A. Confocal image of ProNCED2:erGFP in the root meristem region.  
B. Cross section images of ProNCED2:erGFP on the air side and agar side.  
C. Quantification of relative GFP intensity of images of cross section on the air side 
and agar side. (n ≥ 16)  




































Figure 41. Local dryness induced ProNCED2:erGFP expression. 
A. Confocal images of air side cross section of ProNCED2:erGFP grown on media 
containing different agar concentrations.  
B. Quantification of the relative GFP intensity of images of cross section of roots 
grown on media containing different agar concentrations. (n ≥ 18)  




















Figure 42. Liquid treatment inhibited ProNCED2:erGFP expression. 
A. Confocal images of ProNCED2:erGFP grown on standard media, in MS liquid, 
distilled water, through agar and into air.  
B. Quantification of the relative GFP intensity of ProNCED2:erGFP root grown 
under different liquid treatment. (n = 9)  

















Figure 43. ProNCED2:erGFP expression pattern in soil.  
Confocal images of ProNCED2:erGFP roots grown in soil. The expression varied in 





4.3.2 Transcriptome profile of LRC revealed an important function of ABA in 
sensing drought 
 
When growing seedlings on MS agar, there was moisture on the surface of the agar 
surrounding the roots, and at higher agar concentration, less moisture was on the 
surface (Figure 6). Therefore, the expression of those genes sensing moisture 
differences would also change accordingly as roots grew on plates with different agar 
concentrations. In order to screen for these target genes, we utilized the microarray 
technique to characterize gene expression profiles under different growth conditions. 
The root tip was the most active part of the root and in charge of sensing 
environmental changes and controlling the growth direction and speed accordingly, 
which made it extremely important in our study. We performed microarray 
experiments on root tip samples on 1%, 2% as well as 3% agar media, and, by 
looking for genes with gradually up-regulated or down-regulated patterns, we could 
search for potential targets involved in sensing moisture gradient changes.  
 
After preliminary analysis, we found 2364 genes that showed significant changes 
(using one-way ANOVA). Two of the 12 clusters (k-means clustering) showed 
interesting patterns (Figure 44). Cluster 2 contained 208 genes that showed gradually 
decreased expression, which indicated that those genes could be induced by moisture 
or suppressed by dryness. GO analysis of genes in cluster 2 showed significant 
enrichment for protein modification process (P = 1.70E-07), phosphorylation process 
(P =5.40E-10) and protein amino acid phosphorylation (P = 4.10E-11) (Table 3) 
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(Figure 45). This indicated that post-transcriptional processes such as phosphorylation 
related protein modification might be involved in responding to quick changes in the 
moisture environment. Cluster 5, containing 150 genes, showed gradually increased 
expression as agar concentration increased, which indicated that those genes could be 
suppressed by moisture or induced by dryness. GO analysis of genes in cluster 5 
showed significant enrichment for response to chemical stimulus (P = 1.2e-05) and 
oxidoreductase activity (P = 9.1e-04) (Table 4). These data indicated that the dryness 
effect might be perceived as increased chemical levels as well as oxygen levels in 
plants. 
 
To further investigate genes involved in detecting environmental differences in the 
LRC region, we used a heterologous promoter (p83, cloned from the At1g44760 
locus) to drive the expression of GFP throughout the entire LRC and named PG83 
(Figures 46). We utilized FACS to transcriptionally profile cells of the entire LRC 
(PG83 marked cells) and the air-side LRC (ProNCED2:erGFP marked cells). We 
first characterized the expression of genes of the NCED family in the two cell 
populations and found that both NCED2 and NCED3 showed significant enrichment 
in the ProNCED2:erGFP cells (Figure 42C). This result suggested that ABA 
production was associated with air exposed LRC and indicated an important function 
of ABA in responding to drought stress. GO analysis showed that genes expressed in 
the ProNCED2:erGFP population were enriched for water channel activity (P = 
4.50E-11), lipid localization (P = 1.60E-08)，oxidoreductase activity（P = 2.00E-07) 
and peroxidase activity (P = 2.30E-06), which was particularly intriguing to us as air-
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exposed cells were likely to require a higher capacity to metabolize reactive oxygen 
species (Table 5). Many of the genes showing enriched expression in the PG83 
population were associated with terpene biosynthesis (7 out of 22 genes) (Table 1).  
Little is known regarding the function of root-synthesized terpenes. In the shoot, these 
secondary metabolites are important for communication with other organisms and this 
function may be activated in cells of the root directly contacting wet soil particles. 
The terpenes may serve as important signaling particles for roots as well to regulate 
the interaction with environmental stimuli.  
 
Our transcriptome studies revealed that plants roots were sensitive to local 
environmental differences and many genes were involved in this response. Our data 
also suggested that ABA was associated with sensing and responding to 































Figure 44. K-means cluster analysis on significantly up- and down-regulated 
genes in roots grown on different concentrations of agar.  
 
Relative gene expression profiles for 12 clusters generated by the K-means clustering 
method. Different pick color intensity labels samples grown on 1%, 2% and 3% agar 
media. Cluster 2 contains 208 gradually down-regulated genes by growth on media 
containing higher agar concentration. Cluster 5 contains 150 gradually up-regulated 





Table 3. GO terms for moisture induced genes (cluster 2). 
GO ID Term Pvalue 
GO:0006468 protein amino acid phosphorylation 4.10E-11 
GO:0016310 phosphorylation 5.40E-10 
GO:0006796 phosphate metabolic process 2.90E-09 
GO:0006793 phosphorus metabolic process 2.90E-09 
GO:0043687 post-translational protein modification 8.50E-09 
GO:0006464 protein modification process 1.70E-07 
GO:0043412 macromolecule modification 1.00E-06 
GO:0016301 kinase activity 9.60E-08 
GO:0016772 transferase activity, transferring  
phosphorus-containing groups 
1.20E-06 
GO:0016740 transferase activity 4.60E-05 
GO:0001883 purine nucleoside binding 0.00045 
GO:0001882 nucleoside binding 0.00045 
GO:0030554 adenyl nucleotide binding 0.00045 
GO:0017076 purine nucleotide binding 0.00095 
GO:0004674 protein serine/threonine kinase activity 0.0011 
GO:0004672 protein kinase activity 0.0014 
GO:0005524 ATP binding 0.0016 
GO:0032559 adenyl ribonucleotide binding 0.0017 
GO:0016773 phosphotransferase activity,  
alcohol group as acceptor 
0.0024 



















































Gene Ontology (GO) term enrichment status for the genes of cluster 2. The hierarchy 
graph displayed term enrichment levels within the ―biological process‖ branch. The 
classification terms and their serial numbers are labeled in the rectangles. The graph 
displays the classification term enrichment status and term hierarchy. P-value cutoff 
levels are presented with color scale and the deeper color represent the more 
significant biological processed with less p value.   
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Table 4. GO terms for air-induced genes (cluster 5).  
GO ID Term pvalue 
GO:0010035 response to inorganic substance 1.30E-06 
GO:0046686 response to cadmium ion 1.10E-05 
GO:0042221 response to chemical stimulus 1.20E-05 
GO:0010038 response to metal ion 5.40E-05 
GO:0050896 response to stimulus 0.0014 
GO:0015297 antiporter activity 0.00011 
GO:0015291 secondary active transmembrane transporter activity 0.0004 
GO:0016491 oxidoreductase activity 0.00091 
GO:0022804 active transmembrane transporter activity 0.0099 






















Figure 46. NCED genes showed biased expression on the air side of the LRC.  
A. Confocal image of PG83 longitudinal section in the meristem region.  
B. Confocal image of PG83 cross-section in the meristem region.  
C. Expression levels of NCED genes in both ProNCED2:erGFP and PG83 FACS 
samples based on microarray results.  
Scale bars represent 50 microns. Error bars indicate standard error of the mean (SEM).   
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Table 5. GO for significant genes in ProNCED2:erGFP and PG83 FACS samples. 
 
GO ID Term Pvalue 
GO:0019438 aromatic compound biosynthetic process 2.20E-10 
GO:0042221 response to chemical stimulus 1.40E-10 
GO:0006725 cellular aromatic compound metabolic process 5.00E-10 
GO:0009698 phenylpropanoid metabolic process 7.80E-10 
GO:0050896 response to stimulus 2.80E-09 
GO:0009699 phenylpropanoid biosynthetic process 6.10E-09 
GO:0010876 lipid localization 1.60E-08 
GO:0019748 secondary metabolic process 1.70E-08 
GO:0006575 cellular amino acid derivative metabolic process 5.80E-08 
GO:0042398 cellular amino acid derivative biosynthetic process 1.00E-07 
GO:0009719 response to endogenous stimulus 1.50E-07 
GO:0009664 plant-type cell wall organization 6.40E-07 
GO:0009725 response to hormone stimulus 1.00E-06 
GO:0010033 response to organic substance 2.30E-06 
GO:0006950 response to stress 1.20E-05 
GO:0009653 anatomical structure morphogenesis 1.30E-05 
GO:0006519 cellular amino acid and derivative metabolic 
process 
2.00E-05 
GO:0051179 localization 2.20E-05 
GO:0022622 root system development 2.50E-05 
GO:0048364 root development 2.50E-05 
GO:0007167 enzyme linked receptor protein signaling pathway 3.40E-05 
GO:0007169 transmembrane receptor protein tyrosine kinase 
signaling pathway 
3.40E-05 
GO:0006810 transport 3.60E-05 
GO:0051234 establishment of localization 3.90E-05 
GO:0006468 protein amino acid phosphorylation 4.90E-05 
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GO:0015833 peptide transport 7.30E-05 
GO:0006857 oligopeptide transport 7.30E-05 
GO:0048869 cellular developmental process 9.90E-05 
GO:0005372 water transmembrane transporter activity 4.50E-11 
GO:0015250 water channel activity 4.50E-11 
GO:0003824 catalytic activity 2.10E-09 
GO:0016491 oxidoreductase activity 2.00E-07 
GO:0015267 channel activity 6.50E-07 
GO:0022838 substrate-specific channel activity 5.90E-07 
GO:0022803 passive transmembrane transporter activity 6.50E-07 
GO:0005199 structural constituent of cell wall 1.00E-06 
GO:0016684 oxidoreductase activity, acting on peroxide as 
acceptor 
2.30E-06 
GO:0016798 hydrolase activity, acting on glycosyl bonds 2.40E-06 
GO:0004601 peroxidase activity 2.30E-06 
GO:0016209 antioxidant activity 2.90E-06 
GO:0008171 O-methyltransferase activity 3.30E-06 
GO:0016740 transferase activity 4.20E-06 
GO:0005215 transporter activity 8.70E-06 
GO:0005506 iron ion binding 3.00E-05 
GO:0020037 heme binding 3.10E-05 
GO:0004674 protein serine/threonine kinase activity 4.60E-05 
GO:0016301 kinase activity 7.90E-05 
GO:0022891 substrate-specific transmembrane transporter 
activity 
9.30E-05 
GO:0005886 plasma membrane 1.50E-09 
GO:0030312 external encapsulating structure 1.50E-07 
GO:0005618 cell wall 1.30E-07 
GO:0009505 plant-type cell wall 9.40E-08 
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GO:0016020 membrane 6.50E-08 
GO:0031225 anchored to membrane 1.60E-05 
GO:0012505 endomembrane system 4.70E-05 
GO:0005773 vacuole 5.60E-05 
GO:0044464 cell part 7.60E-05 







Water is the most limiting resource for agriculture and studies on the interaction 
between plants and water often focus on extreme conditions: drought or flooding. Our 
data showed that plants were also able to sense and respond to the microenvironment 
where they grow. We showed for the first time a reporter, ProNCED2:erGFP, that 
presented an asymmetric expression pattern with GFP expression marking the LRC 
only on the side of root contacting air, and its expression could be inhibited by 
moisture and induced by air. The microarray studies showed that thousands of genes 
were differentially regulated in roots only by decreasing the moisture content locally, 
which further indicated that roots were highly sensitive to environmental changes.  
 
4.4.1 Root cap is where roots sense environmental stimuli 
 
Several studies have proved that the root cap is the primary site for perception of 
environmental stimuli such as moisture and gravity in roots. Decapped roots of corn 
fail to curve hydrotropically without a reduction in root growth, suggesting that the 
root cap is a major site of sensing moisture (Takahashi and Scott, 1994). The 
ageotropum pea root without the tip loses both gravitropism and hydrotropism 
responses and the hydrotropic curve in response to a water potential gradient at the 
root cap (Takahashi and Suge, 1991). Similarly, when the perception of moisture is 
blocked at the root tip by covering with lanolin, the roots no longer respond 
hydrotropically in the presence of moisture gradient applied to the root above the 
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apical tip. However, when applying a similar approach to induce a moisture gradient 
at elongation and mature regions of roots, hydrotropic responses are still present, 
which suggests that hydrotropism in roots occurs via perception of water potential by 
the root cap (Takahashi et al., 1996). In addition, it has also been found that the 
hydrotropic response in Arabidopsis roots is severely reduced by ablation of root cap 
cells using a laser microbeam (Takahashi et al., 2009). These data suggesting that the 
root cap is the site of root sensing of moisture and gravity stimuli. However, the exact 
mechanisms of how roots sense moisture and induce positive hydrotropism are 
largely unknown. The ProNCED2:erGFP reporter identified in our study was the first 
reporter that showed regulation by environmental factors in the LRC region, 
suggesting that NCED2 gene might be involved in quick response to environmental 
changes. Due to the important function of the NCED family in ABA biosynthesis, it 
also indicated that ABA, which is known as an important hormone involved in plant 
response to drought, could be involved in sensing moisture at the local level.   
 
4.4.2 Water stress was accompanied by other stresses in plants 
 
Plants are subjected to periods of water deficit or water excess throughout their life 
cycles, and water stress for plants has been studied for a long time. This stress can 
come as excess water (flooding stress), or water scarcity (drought stress). Plant 
responses to water stress are complex, involving early quick responses, such as 
reduction in respiration and stomata closure, as well as later acclimation, such as new 
metabolic and structural changes. However, water stress is always accompanied by 
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other stresses. For plant roots grown in soil, water defects often result in increased 
concentrations of ions or other solutes in the soil and in the plants, decreased turgor 
pressure inside plant cells, and increased exposure to oxygen. Under-watering of 
maize can lead to a drop in turgor pressure in leaves and solute accumulation in root 
tips (Sharp and Davies, 1979). Lack of water in alfalfa induces changes in proline and 
total soluble sugar concentrations (Irigoyen and Emerich, 1992). Water stress in rice 
can lead to increased levels of peroxidation metabolism and a loss of small molecular 
antioxidants, which are symptoms of oxidative stress (Chool Boo and Jung, 1999). 
However, most of these results were obtained from studies focused on conditions of 
extreme stress. In this study, we provided moderate water limitation conditions to 
plants by using higher concentrations of agar, and the microarray data showed that 
mild water stress could lead to increased expression of genes responding to chemical 
stimulus as well as anti-oxidant. We also showed that air exposed LRC cells also 
exhibit enrichment for genes involved in water channel activities and perioxidase 
activity. Our results indicate that roots could sense differences in local water levels as 
increased chemical and oxygen levels, and that plants are more sensitive and adaptive 














In this thesis, we revealed that roots grown in the standard tissue culture conditions 
experience local environmental heterogeneity and showed that the roots of several 
flowering plants could distinguish the environmental difference between a wet 
surface and air. This local environmental heterogeneity affected lateral root branches 
in addition to bias development of root hair, anthocyanins and aerenchyma, which we 
termed hydropatterning, because no specific component of the medium besides water 
was necessary to induce biased LR development. Using Arabidopsis as a model 
organism, we investigated the mechanisms involved in hydropatterning determination. 
First, we showed that environmental stimuli affected LR branching at the time of FC 
specification. Secondly, by utilizing tissue specific approaches to perturb hormone 
signaling, we demonstrated that the sensing of environmental differences occurred in 
the epidermis. Thirdly, transcriptome and hormone quantitation studies showed that 
auxin was the primary hormone responding to moisture and promoting 
hydropatterning. Moisture promotes auxin transport in the cortex tissue and transmits 
the signal into the pericycle to control founder cell determination, which was 
disrupted by ABA signaling in the epidermis.  
 
In addition, in this thesis we presented a GFP-reporter line (ProNCED2:erGFP), 
which showed asymmetric expression in lateral root cap cells when grown on tissue 
culture plates and the expression was only present in the region exposed to air (the 
relative dry side). The expression of the reporter was stronger when roots were grown 
in air and suppressed by moisture. We showed that local heterogeneity in the 
environment was the cause for the asymmetric expression pattern of the reporter. 
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Transcriptome studies of air exposed LRC cells and the whole population of the LRC, 
revealed hundreds of genes involved in distinguishing local environmental 
heterogeneity in the vicinity of the LRC layer. Correlated with previous studies, our 
data suggested that the LRC was an important site for sensing local moisture 
gradients. 
 
In summation, this thesis provided a comprehensive analysis of the root response to 
environmental heterogeneity that was often present in roots grown under standard 
conditions and the outer tissue layers (epidermis and LRC) were important sensing 
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